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Cell dedifferentiation is a cell fate regression process in which the cell fate
memory of a differentiated cell is erased, leading to regain stem cell characteristics.
Auxin regulates both cell dedifferentiation and differentiation in plants. It is unknown
how auxin controls the two opposite processes. Here the minimal auxin requirements for
cell dedifferentiation were found, molecular markers associated with the cell
dedifferentiation event were identified. When cellular auxin concentration exceeds the
level of meristem cell, most differentiated cells undergo dedifferentiation. In
differentiated cells, the polar auxin efflux system prevents cell dedifferentiation by
reducing auxin accumulation, particularly in the presence of exogenous auxin.
Classic plant tissue culture experiments have shown that exposure of cell culture
to a high auxin to cytokinin ratio promotes root formation and a low auxin to cytokinin
ratio leads to shoot regeneration. Since the auxin level is highly elevated in the shoot
meristem tissues, it is unclear how a low auxin to cytokinin ratio promotes regeneration
of shoots. To identify genes mediating cytokinin and auxin interaction during

organogenesis in vitro, three allelic mutants that display root instead of shoot
regeneration in response to a low auxin to cytokinin ratio were identified using a forward
genetic approach in Arabidopsis. Molecular characterization shows that mutations disrupt
the AUX1 gene, which was reported to regulate auxin influx in plants. Meanwhile, it was
found that cytokinin substantially stimulates auxin accumulation and redistribution in
calli and some specific tissues of Arabidopsis seedlings. In aux1 mutants, cytokinin
regulated auxin accumulation and redistribution is substantially reduced. These results
suggest that auxin elevation and distribution stimulated by cytokinin, instead of low
auxin or exogenous auxin directly applied, is essential for shoot regeneration.
In this study, interaction between auxin and cytokinin revealed that the induction
of ARR5 and ARR6 expression by cytokinin is subjected to the regulation of auxin.
Expression of ARR5 and ARR6 follows a mutual exclusive pattern in response to the
induction of exogenous auxin in Arabidopsis seedlings and calli. The results suggest that
auxin interacts with cytokinin via a gene and tissue specific induction of negative
regulators in the cytokinin signaling pathway.
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CHAPTER I
INTRODUCTION
Perhaps the most amazing feature of plants is their ability to grow and regenerate
for years, sometimes even centuries. This fascinating characteristic is achieved thanks to
the activity of stem cells, which reside in the shoot and root apical meristems. Stem cells
function as a reserve of undifferentiated cells to replace organs and sustain
postembryonic plant growth. To maintain meristem function, stem cells have to generate
new cells at a rate similar to that of cells leaving the meristem and differentiating, thus
achieving a balance between cell division and cell differentiation. The differentiated
living cells with an intact nucleus can loose their cell fate memory completely and regain
an ability to display their full genetic program under certain environmental stimuli. This
phenomenon is called dedifferentiation. In mammals, only the zygote and early
embryonic cells are totipotent, while in plants, many differentiated cells can display
totipotency by undergoing dedifferentiation followed by redifferentiation.
Dedifferentiation is a reversal process to cellular differentiation where regression
of a differentiated cell into embryonic, unspecialized stem cell state, leading to regain the
cell division and morphogenetic potential of stem cells. In plants, the cell division
activities of the dedifferentiated cells usually result in production of callus, a mass of
relatively undifferentiated cells. Therefore, callus induction is often used to represent the
cell dedifferentiation process. In plant tissue culture, callus production is induced by
1

exogenously applied phytohormones. Cellular components, except the hormones, in the
cell dedifferentiation pathway remain to be identified and the molecular mechanisms
have been largely unexplored.
Plant hormones, such as auxins and cytokinins, are well known modulators of cell
division and are necessary to promote the growth of cell cultures and the re-entry into the
division cycle of quiescent cells. The interaction between auxin and cytokinin plays an
essential role in a wide range of plant growth and developmental processes, including
apical dominance, organogenesis in vitro, cell division, etc. The balance of auxin and
cytokinin in the medium plays a role in the determination of the morphological fate of
callus (Skoog and Miller 1957; Christianson and Warnick 1985). The development of
tissue culture technologies demonstrates that exogenously applied phytohormones,
mainly auxin and cytokinin, play a critical role in cell dedifferentiation and redifferentiation. It has been widely accepted that auxin and cytokinin play an antagonistic
role in the control of organ identities during organogenesis in vitro. Although it has been
well documented that these two hormones mutually regulate the concentration of each
other, little is known of the genes directly involved in the interplay of these two
hormones.
Polar auxin transport is a unique feature of auxin action and mediates vectorial
gradients that provide positional cues for organogenesis and are crucial to pattern
formation (Reinhardt et al., 2000, 2003; Benková et al., 2003; Heisler et al., 2005; Sauer
et al., 2006; Scarpella et al., 2006). Although the data on the direct links are very poor,
the asymmetric distribution of hormones is essential for the formation of stem cell
because the disruption of this distribution pattern inhibits the formation of new organs
2

(Okada et al., 1991; Liu et al., 1993; Hadfi et al., 1998; Mattsson et al., 1999; Sabatini et
al., 1999; Reinhardt et al., 2000; Tanaka et al., 2006; Larsson et al., 2008; Dhonukshe et
al., 2008). Arabidopsis PIN proteins are asymmetrically localized at the plasma
membrane, which attributes to the establishment of the local auxin gradients (Tanaka et
al., 2006). PIN1, one of the auxin efflux carrier proteins, initiates and maintains the auxin
concentration gradients (Friml et al., 2003; Heisler et al., 2005).
The artificial promoter, DR5 (Ulmasov et al., 1997), is highly responsive to
active auxin, and, furthermore, its expression can be induced by exogenously-applied
auxin (Saba tini et al., 1999; Friml et al., 2002, 2003; Benková et al., 2003; Ottenschläger
et al., 2003). Therefore, the reporter driven by DR5 can be used as a reasonable
approximation of auxin accumulation in different cells of tissues, allowing visualization
of the spatiotemporal pattern of auxin distribution (Sabatini et al., 1999; Casimiro et al.,
2001; Avsian-Kretchmer et al., 2002; Benková et al., 2003; Friml et al., 2003;
Ottenschläger et al., 2003; de Reuille et al.,   -glucuronidase (GUS) gene
isolated from Escherichia coli (Jefferson et al., 1986) is to date still the most widely used
reporter gene in genetically modified plants. This gene is used to study and monitor plant
gene expression (Gallagher, 1992), notably the tissue specificity of promoter sequences.
Green fluorescent protein (GFP) can be visualized at high resolution in living cells using
confocal microscope. The images are not prone to fixation or staining artifacts, and can
be of exceptional clarity
For many years Arabidopsis thaliana (referred to as Arabidopsis from here on)
has been used as an important species for the study of genetics in higher plants. It is a
particularly suitable subject because of its short life cycle, low chromosome number and
3

low DNA content and the relative simplicity of its basic genetic background. Another
advantage of this species is a high potency for in vitro proliferation and differentiation in
culture. In Arabidopsis, all organs originate from apical meristems including shoot and
root meristems, whereas the in vitro organs come from a group of undifferentiated
somatic cells, namely calli, that are produced throughout the dedifferentiation of explant
cells. It has been shown that in vitro organogenesis such as root and shoot formation, and
plant regeneration can be readily obtained in Arabidopsis. However, despite the intensive
studies on in vitro culture within this species, little emphasis has been placed on the
details of the origins of the callus, its proliferation and subsequent differentiation. Hence,
the main hypothesis for the research is that any living plant cell with nucleus that is
differentiated can be reverted to its undifferentiated state if the auxin content of the
differentiated cells is increased to equal or greater than that in the meristematic tissue
cells. Hence, the main goal of my research is to improve the understanding of the
molecular mechanisms of dedifferentiation in plant systems. Using Arabidopsis as the
model species, research was carried out to achieve the following objectives:
1. To evaluate the role of auxin and auxin transport system in dedifferentiation and
differentiation.
2. To understand the differential response of organs to auxin in terms of callus
formation.
3. To determine the role of auxin in turning on the genes for callus formation –
molecular markers.
4. To identify cellular components that mediate the cross talk between auxin and
cytokinin in the regulation of organogenesis in vitro.

4

CHAPTER II
LITERATURE REVIEW

Model Plant - Arabidopsis thaliana
Arabidopsis thaliana (L.) Heynh., plant used in the current study, is a small
dicotyledonous flowering plant that is widely used as a model organism in plant biology.
It is commonly called Arabidopsis, thale cress, or mouse-ear cress. This plant was
discovered by Johannes Thal (hence, thaliana) in the Harz Mountains in the sixteenth
century, though he called it Pilosella siliquosa (and it has gone through a number of
name changes since). Arabidopsis is a member of the mustard (Brassicaceae) family,
which includes cultivated species such as cabbage and radish. Currently the genus
Arabidopsis has nine species and eight subspecies recognized.
Although not of agronomic significance, Arabidopsis offers important advantages
for basic research in genetics and molecular biology. It is most extensively used species
for over forty years in research for identifying genes and in the field of plant functional
genomics (Schmidt et al., 1995; Bevan et al., 1998). Extensive genetic and physical maps
of all 5 chromosomes are available. The life cycle is short--about 6 weeks from
germination to seed maturation (Figure 2.1). Seed production is prolific and it can
produce up to 10,000 seeds per plant and the plant is easily cultivated in restricted space.
Transformation is efficient utilizing Agrobacterium tumefaciens. It is normally selfpollinated so recessive mutations quickly become homozygous and thus expressed.
5

However, Arabidopsis can easily be cross-pollinated to do genetic mapping and produce
strains with multiple mutations.
A large number of mutant lines and genomic resources are available. Arabidopsis
is studied by a multinational research community in academia, government and industry.
Such advantages have made Arabidopsis a model organism for studies of the cellular and
molecular biology of flowering plants.
The prehistory and history of Arabidopsis have been documented by Meyerowitz (2001).
The earliest non-taxonomic mention of Arabidopsis in the literature appears to be a paper
by Alexander Braun in 1873, describing a mutant (AGAMOUS gene) plant found in a
field near Berlin (Braun, 1873). Friedrich Laibach published the chromosome number of
Arabidopsis in 1907. The Arabidopsis research community started in 1964 with a
newsletter called Arabidopsis Information Service (AIS). The first International
Arabidopsis Conference was held in 1965, in Göttingen, Germany. The successful culture
of Arabidopsis was first achieved in 1965 (Yokoyama and Jones, 1965) and since then a
great deal of work in tissue and cell culture both on agar and in liquid media has been
published. In the 1980s Arabidopsis started to become widely used in plant research
laboratories around the world. The breakthrough year for Arabidopsis as the preferred
model plant came in 1986 when T-DNA mediated transformation was first published (An
et al., 1986) and this coincided with the first gene to be cloned and published (Chang and
Meyerowitz, 1986).

6

Figure 2.1 The Arabidopsis thaliana life cycle.
Simplified scheme showing the basic stages throughout the life cycle of an A. thaliana
plant. Embryos are fully developed within the mature seeds. After germination, they
rapidly grow and the root and shoot apical meristems (RAM and SAM, respectively),
containing proliferating cells that are labelled here with GUS, are established (at 60 h).
Four days after germination (4 d) the root already contains three regions, the meristem
(M), the transition zone where cells start to differentiate (T) and the mature zone with
fully differentiated cells (D). In addition, the hypocotyl and the two expanding cotyledons
(cot) can be distinguished in the aerial part. Rosette leaves progressively develop in the
following days and later flowers appear (28 d). Inside the flowers, some cells specialize
to generate the germinal cells that undergo meiosis, and the resulting haploid cells divide
and give rise to both the male and female gametophytes. After fertilization,
embryogenesis occurs and seeds and fruits (siliques) develop and mature.
(Source: Gutierrez, 2005)
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Arabidopsis has five chromosomes (2n=10) and has haploid genome size about
125Mbp of DNA. Its complete genome was sequenced by Arabidopsis Genome Initiative
group in December of 2000 along with plastid and mitochondrial genomes sequence. It
was the first flowering plant genome sequenced and deciphered the genes necessary for a
plant to function. Though, only one third of the genes’ functions are hypothesized. It is
estimated that the Arabidopsis genome has ~25,000 genes representing 11,000 gene
families. All the above mentioned properties made me choose Arabidopsis as a material
to conduct cell dedifferentiation studies.

Plant Hormones
The word hormone is derived from Greek and means 'set in motion'. The earliest
scientific observation and study dates to the 1880s; the determination and observation of
plant hormones and their identification was spread-out over the next 70 years. Plant
hormones are signal molecules produced within the plant, and occur in extremely low
concentrations. Plant hormones are not nutrients, but chemicals that in small amounts
promote and influence the growth, development, and differentiation of cells and tissues
(Öpik and Rolfe, 2005). Hormones regulate cellular processes in targeted cells locally
and when moved to other locations in the plant. Plants, unlike animals, lack glands that
produce and secrete hormones. Plant hormones shape the plant, affecting seed growth,
time of flowering, the sex of flowers, affect which tissues grow upward and which grow
downward, senescence of leaves and fruits, plant longevity and even plant death.
Hormones are vital to plant growth and lacking them, plants would be mostly a mass of
undifferentiated cells.
8

Development depends, in most cases, on the concerted action of plant hormones.
The production of hormones occurs very often at sites of active growth within the
meristems, before cells have fully differentiated. After production they are sometimes
moved to other parts of the plant where they cause an immediate effect or they can be
stored in cells to be released later. Among them, auxins and cytokinins are the best
documented and they can impinge directly on cell cycle regulators. In addition, other
hormones, e.g. abscisic acid, ethylene, jasmonic acid and brassinosteroids, whose action
is much less well characterized, also have an impact on cell cycle progression and/or
arrest. (Stals and Inze, 2001; del Pozo, et al., 2005)

Auxin
Auxin plays a crucial role in many aspects of plant development, cell division and
expansion, apical dominance, lateral root development and vascular tissue development,
among other processes (Leyser, 2002). Charles and Frances Darwin's experiments on the
phototropic curvature of canary grass coleoptiles (Darwin, F. and Darwin, C., 1881) led
them to propose the existence of a plant growth-regulating substance that later came to be
known as auxin. The chemical identification of auxin as indole-3-acetic-acid (IAA), and
synthetic analogs such as 1-naphthylacetic acid (1-NAA) and 2,4-dichlorophenoxyacetic
acid (2,4-D), enabled physiologists to test the role of auxin in plant development
(Thimann, 1977). It was assumed that auxin is produced locally in young, apical tissues,
but it is needed in virtually all parts of the plant. Auxin is distributed throughout the plant
either through the phloem or by a more controlled, cell-to-cell transport system.
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Auxin is a class of plant hormones that controls a wide array of processes, such as
cell elongation, division, and differentiation, by rapidly altering the gene expression
pattern. A high concentration of auxin can restart the whole ontogenetic process in
cultured cells (Györgyey et al., 1997). The plant hormone auxin is also required to
maintain the root meristem, as exogenous application of auxin during growth causes an
increase in meristem size (Dello Ioio et al., 2007; Evans et al., 1994). Furthermore, a
proper auxin distribution mediated by the auxin transport facilitators PIN2, PIN3, and
PIN7 is crucial to control cell division and root meristem size (Blilou et al., 2005) Thus
root meristem size could be determined by the antagonistic effects of auxin, which
promotes cell division, and cytokinins, which promote cell differentiation.
Disruption in the transport of auxin interferes with almost all auxin-related
developmental processes. Hence, this prompted extensive research on auxin
transportation. Auxin can be distributed via the phloem or by a directional, so-called
‘polar’, transport system (Friml and Palme, 2002). The large amount of physiological and
biochemical data on polar auxin transport has been integrated into the ‘chemiosmotic
hypothesis’ which explains the cell-to-cell movement of auxin by the action of specific
auxin-influx and -efflux carriers. The asymmetric positioning of the latter at a particular
side of the cell was proposed to determine the direction of auxin flux (Rubery and
Sheldrake, 1974; Raven, 1975). This model was reinforced by the identification and
characterization of candidate proteins for auxin influx (AUXIN1 [AUX1]/LIKE-AUX1
[LAX] family) and efflux (PIN-FORMED [PIN] family) carriers (Bennett et al., 1996;
Gälweiler et al., 1998).

10

Cytokinins
Cytokinins (CK) were discovered during the 1950s (Miller et al., 1955) as
substances able to induce the division of plant cells. The first cytokinin discovered was
N6-furfuryladenine (kinetin) as a degradation product of DNA, which promoted cell
division in plants (Miller et al., 1955). Cytokinins play various roles in many aspects of
plant and development, including apical dominance, the formation and activity of shoot
meristems, leaf senescence, nutrient mobilization, seed germination root growth and
stress responses. Generally natural cytokinins are N6-substituted adenine derivatives
(Amasino, 2005).
Cytokinins are implicated in essential plant growth-related processes that include
induction of cell division and shoot formation and development (Mok, 1994), activation
of dormant lateral buds (Napoli et al., 1999), delayed senescence (Gan and Amasino,
1995), among others. Cytokinins are involved in the promotion of plant cell growth,
regulation of the formation of vegetative buds, and the delay of senescence in vitro
(Thorpe, 1980) and of plant tumors (Morris, 1995). Skoog and Miller (1957) showed that
cytokinin could act synergistically or antagonistically with auxin during dedifferentiation
and differentiation.
In Arabidopsis, seven AtCKX genes have been identified that play a role in
regulating cytokinin levels and thereby affecting plant growth and development.
Constitutive expression of some of these genes (AtCKX1, AtCKX3, and AtCKX5)
resulted in a drastic reduction of endogenous cytokinins in both root and shoot meristems
(30–60% of that of wild type), strongly affecting root and shoot development (Werner et
al., 2003). In these lines, growth of the aerial parts of the plant was severely retarded: leaf
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and shoot apical meristem size decreased while the total root mass increased. These
studies suggest that cytokinins might therefore act as positive regulators of shoot apical
meristem development and as negative regulators of root apical meristem development.
Cytokinins promote cell differentiation in the root meristem and are necessary to
sustain cell division in the shoot meristem. This contrasting role of cytokinins during
shoot and root development has been confirmed by the identification and analysis of ipt
mutants (Miyawaki et al., 2004). Phenotypic analysis of multiple combinations of the ipt
mutants revealed severely decreased levels of different types of cytokinins, and defects in
root and shoots development of these plants (Miyawaki et al., 2004; 2006). Shoot growth
was strongly inhibited while primary and lateral roots were more elongated. These
phenotypes resembled those reported for CKX overexpressors and, consistent with the
notion of cytokinin shortage, they could be rescued upon cytokinin treatment. Although it
has been demonstrated that in the root meristem cytokinin mediates cell differentiation
through an AHK3/ARR1, ARR12 signaling pathway, how cytokinins promote cell
division in the shoot meristem remains unclear.
Recently cytokinins have been shown to induce cell differentiation at the root
meristem transition zone, providing new insight on the molecular mechanisms involved
in root meristem maintenance (Dello Ioio et al., 2007). Exogenously applied cytokinins
induced a decrease in root meristem size without affecting stem cell niche activity or the
rate of cell proliferation in the root meristem dividing zone. It has been concluded that an
AHK3/ARR1, ARR12 two-component cytokinin-signaling pathway regulates the cell
differentiation rate specifically at the transition zone, thus controlling root meristem size
and root growth (Dello Ioio et al., 2007).
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In contrast to its negative role in maintaining the root meristem, high cytokinin
levels are necessary to preserve shoot meristem activity (Shani et al., 2006). At least two
components of the shoot meristem gene regulatory network are directly involved in
regulating cytokinin levels and signaling. The SHOOT MERISTEMLESS (STM) gene,
necessary to maintain cell division and prevent cell differentiation (Shani et al., 2006),
has been found to activate ATP/ADP-isopentenyltransferase 7 (AtIPT7), a key cytokinin
biosynthetic gene (Shani et al., 2006, Jasinski et al., 2005, Yanai et al., 2005, Sakamoto et
al., 2006). In addition, the WUSCHEL (WUS) gene, required to produce stem cell
maintenance signals (Williams and Fletcher, 2005) has been found to directly repress the
expression of some type-A ARRs (auxin response regulators), which are negative
cytokinin response regulators (Leibfried et al., 2005 and Shani et al., 2006). An attractive
interpretation of these results is that the positive role of cytokinins in the shoot meristem
is ensured by their biosynthesis and by suppressing the negative action of type-A ARRs.
The mechanism through which cytokinins control shoot meristem growth is not known.
Taken together these data suggest that both shoot and root meristem maintenance
depends on the balance of cytokinin and auxin activity, but the ultimate response to these
hormones differs in each meristem.

Callus
In biological research and biotechnology, a callus is a mass of undifferentiated
cells. Plant cell calluses may be made to differentiate into the specialized tissues of a
whole plant, with the addition of a number of hormones or enzymes. This ability is
known as totipotency. Two distinct cell types were recognized in a rapidly growing callus
13

of Arabidopsis. One cell type is small, actively dividing with dense cytoplasm, usually
rich in starch grains. The other cell type is large, highly vacuolated with very little
obvious interior structure and variable in shape. It has been suggested that the cells with
dense cytoplasm have the ability to divide and differentiate much more actively than
differentiated cells (Huanga and Yeomana, 1984).
In Arabisopsis callus, cell division seemed to be irregular resulting in cell clusters
which contained cells variable in size and shape. These cell clusters are usually
surrounded by large vacuolated cells which were apparently derived from dividing cells.
The growth pattern of callus in culture is different between the species which might
explain the reason for the different patterns of morphogenesis (Huanga and Yeomana,
1984).
Meristematic centers in callus may be defined as a mass of organized cells which
are capable of continued division and growth, or of further differentiation when placed in
appropriate conditions. These cytoplasmic rich meristematic structures are developing
inside the nodular structures of the callus (Huanga and Yeomana, 1984). Seeds appear to
be the most suitable source of callus induction, because 4-week old calli induced from
seeds and grown on agar media showed a lower chromosomal instability than those
derived from pieces of stem or leaf (Negrutiu et al., 1975).
In plants, dedifferentiation is usually studied during protoplastization (Exner and
Henning, 2007). An alternative system to study dedifferentiation is callus formation.
Callus induction obtained by cytokinin (6-BAP) from different explants of sunflower
represents an interesting result whereas most of the plant species needed auxin for
dedifferentiation (Grecoa et al., 1984). Callus induction in media without kinetin showed
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that kinetin was unnecessary for callus induction. However, callus volume, initiation time
of callus induction, frequency of callus induction and number of roots per callus were
affected considerably by its concentration. Also, the interaction between 2,4-D and
kinetin concentration on these properties was significant (Omidi and Shahpiri, 2003).
Production of callus and its subsequent regeneration are the prime steps in crop
plant to be manipulated by biotechnological means and to exploit somaclonal variation
(Islam et al, 2005). The procedure for plant multiplication involves: callus induction and
formation from initial explant and shoot stimulation and development. During these two
steps, the required levels of exogenous hormones may be different (Krikorian, 1995).

Totipotency
The ability of normal cells in the plant body to reproduce and to generate an entire
plant without sexual means is called totipotency, and it is a characteristic of specific types
of tissue in plants, called meristematic tissue. A cell that is able to differentiate into all
cell types is known as totipotent. Such cells are called stem cells in animals. In mammals,
only the zygote and early embryonic cells are totipotent, while in plants many
differentiated cells can become totipotent with simple laboratory techniques. All of the
structures found in a mature or growing plant are the result of cellular material produced
by meristematic tissue. Some plants have cells that are able to convert from a structured,
or differentiated, state to a totipotent state or a dedifferentiated state. One example is the
ZZ plant (Zamioculcas zamiifolia). This plant is so cellularly precocious that a mere piece
of leaf or stem can be used to grow a new plant.
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Totipotent is opposed to pluripotent and multipotent. Totipotent cells have total
potential. They specialize into pluripotent cells that can differentiate into many cell types
but not all, of the tissues necessary for development. Pluripotent cells undergo further
specialization into multipotent cells that are committed to give rise to cells that have a
particular function. In plants, totipotent cells are found in shoot and root growing tips as
meristems, and in the cambium layer (the layer of cells between the bark and the wood)
of woody plants and trees.
Totipotency is one of the main properties of plant cells, which ensures the
possibility of survival of the plants under the conditions of attached mode of life. In
nature, this property manifests itself most distinctly in the capacity of plants for various
pathways of vegetative reproduction and in the possibility of fast restoration of the lost or
stress-damaged parts of shoots and roots. The totipotency of plant cells ensured a wide
use of plant cells in biotechnology. Under in vitro conditions, practically any living cell
with a nucleus can alter the period of dedifferentiation begin under the influence of
nutrient medium components (or after a certain succession of nutrient media) infinite
proliferation in the form of callus or suspension culture, start the formation of shoots or
roots, or begin somatic embryogenesis. All these possibilities found their practical
application in biotechnology (Ezhova, 2003).
Experiments on cultivated cells suggested that the results are affected not only by
the composition of nutrient media, type of explant tissues, and conditions of plant
material preparation before its cultivation, but also by the genotypic features. Different
plant species and different cultivars and lines of the same species (Murashko and
Fadeeva, 1973; Butenko 1975; Isaeva et al., 1980; Kucherenko and Mamaeva, 1980;
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Ezhova et al., 1985) displayed different capacities to the expression of totipotency in
vitro: callusogenesis, shoot and root formation, and somatic embryogenesis. It is evident
that the study of genetic control of totipotency is important for both development and
improvement of plant biotechnology and better understanding of this most important
characteristic of plant cells.

Differentiation vs Dedifferentiation
Cellular differentiation is the process by which a less specialized cell becomes a
more specialized cell type. Differentiation occurs numerous times during the
development of a multicellular organism as the organism changes from a single cell
embryo to a complex system of cell types, tissues and organs. Differentiation
dramatically changes a cell's size, shape, membrane potential, metabolic activity, and
responsiveness to signals. These changes are largely due to highly-controlled
modifications in gene expression. With a few exceptions, cellular differentiation almost
never involves a change in the DNA sequence itself. Thus, different cells can have very
different physical characteristics despite having the same genome.
Dedifferentiation, focus of the current study, is a cellular process often seen in
more basal life forms such as worms and amphibians in which a partially or terminally
differentiated cell reverts to an earlier developmental stage, usually as part of a
regenerative process. Dedifferentiation also occurs in plants. Cells in cell culture can lose
properties they originally had, such as protein expression, or change shape.
Dedifferentiation is commonly associated with reentry into the cell cycle, its
distinguishing feature is the withdrawal from a given differentiated state into a ‘stem
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cell’-like state that confers pluripotentiality (Bloom, 1937) a process preceding not only
reentry into the cell cycle but also trans- or redifferentiation or a commitment for cell
death (Odelberg, 2002)
Dedifferentiation can be defined as a programmed change in the metabolic
machinery of a cell, shutting down of genes that were being transcribed in connection
with the established function of the cell, and adjustment to new conditions. This is
usually followed by the induction of new set of genes and their transcription –what may
be called redifferentiation (Srivastava, 2002).
The process of plant dedifferentiation involves several changes in the morphology
(Feldman and Torrey, 1977) and gene expression of the cells (Kay and Basile, 1987). An
increasing number of studies are showing that many genes can be specifically induced
during dedifferentiation, for example, the MsPRP5 gene encoding for a proline-rich
protein in alfalfa was highly expressed in dedifferentiated cells of microcallus suspension
after treatment with auxin but not in differentiated organs, such as root, shoot, developing
somatic embryos, leaf, flower, and flower bud (Györgyey et al.,1997). KRCP promoter
retains high specificity for the process of dedifferentiation (callus induction) and
differentiation (regeneration of shoot and root). The enzymatic activity and transcript
levels of the KRCP gene were also induced by the stimulus of the low ratio of cytokinin
to auxin, but not by treatment with either high ratio of cytokinin to auxin or with a high
concentration of cytokinin (Kim et al., 2004). It is assumed that dedifferentiation-specific
responsive elements interact with promoter-binding proteins that are expressed only in
the callus (Kim et al., 2004). Based on work done in plants and animals, a model was
proposed depicting cellular dedifferentiation from the perspective of chromatin structure.
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Cellular dedifferentiation is driven by chromatin reorganization leading to activation of
pluripotent genes such as NAM in plants and Oct3/4 in animals, thus establishing
pluripotentiality (Grafi, 2004).

Organogenesis
Plants and animals have evolved very different developmental strategies. While
organogenesis in animals occurs during embryogenesis, organ initiation and growth in
plants is a post-embryonic and continuous process that occurs over the entire lifespan of
the organism. This remarkable fact relies on the existence of stem cell niches, e.g. in the
shoot and root apical meristems (Nakajima and Benfey, 2002; Weigel and Jurgens, 2002)
that continuously provide new cells that eventually take specific differentiation patterns.
Organogenesis de novo using tissue culture has provided useful systems for studying
regulatory mechanisms of plant development (Hicks, 1994). One of the remarkable feats
of earlier physiological analysis on organogenesis in vitro was the identification of a
predominant role of auxin and cytokinin as chemical determinants in plant development
(Skoog and Miller, 1957).
Organogenesis in vitro depends on the application of exogenous phytohormones,
in particular auxin and cytokinin, and also on the ability of the tissue to respond to these
phytohormone changes during culture. In general, Sugiyama (1999) recognized three
phases of organogenesis, on the basis of temporal requirement for a specific balance of
phytohormones in the control of organogenesis. In the first phase, cells in the explants
acquire ‘competence’ which is defined as the ability (not capacity) to respond to
hormonal signals of organ induction. The process of acquisition of organogenic
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competence is referred to as ‘dedifferentiation’. The competent cells in cultured explants
are canalized and determined for specific organ formation under the influence of the
phytohormone balance through the second phase. Then the morphogenesis proceeds
independently of the exogenously supplied phytohormones during the third phase.
Plant hormones play an important role in organogenesis. The balance of auxin and
cytokinin in the medium plays a role in the determination of the morphological fate of
callus (Skoog and Miller, 1957; Christianson and Warnick, 1985). Different organ types
are achieved by regulating the ratio between auxin and cytokinin. A relatively high ratio
between auxin and cytokinin promotes the regeneration of root. Whereas, the reverse
leads to the production of shoot. The explant cells proliferate to form callus when the
same level of auxin and cytokinin are added into the medium. Thus, it is indicated that
the ratio of auxin to cytokinin is the critical factor in triggering developmental events in
vitro. Other studies indicate that the types of de novo organs are influenced by the
concentration of exogenous phytohormones too. In the in vitro floral organogenesis of
Hyacinthus orientalis, higher levels of cytokinin and auxin trigger the tepals formation
from the explants. After transferring to medium containing low levels of hormones,
ovaries and ovules can be inducted from regenerated floral buds (Lu et al., 1988, 1999,
2000). In the leaf protoplast culture of alfalfa, cells cultured on the medium with different
2,4-D concentrations developed into either embryogenic or non-embryogenic cell types
(Feher et al., 2002; Pasternak et al., 2002). Taken together, both the concentration and the
ratio of exogenous hormones are important to determine cell fate during de novo
organogenesis.
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Polar auxin transport is a unique feature of auxin action and mediates vectorial
gradients that provide positional cues for organogenesis and are crucial to pattern
formation (Reinhardt et al., 2000, 2003; Benková et al., 2003; Heisler et al., 2005; Sauer
et al., 2006; Scarpella et al., 2006). Although the data on the direct links are very poor,
the asymmetric distribution of hormones is essential for the formation of stem cell
because the disruption of this distribution pattern inhibits the formation of new organs
(Okada et al., 1991; Liu et al., 1993; Hadfi et al., 1998; Mattsson et al., 1999; Sabatini et
al., 1999; Reinhardt et al., 2000; Tanaka et al., 2006; Larsson et al., 2008; Dhonukshe et
al., 2008). Arabidopsis PIN proteins are asymmetrically localized at the plasma
membrane, which attributes to the establishment of the local auxin gradients (Tanaka et
al., 2006). PIN1, one of the auxin efflux carrier proteins, initiates and maintains the auxin
concentration gradients (Friml et al., 2003; Heisler et al., 2005). The artificial promoter,
DR5 (Ulmasov et al., 1997), is highly responsive to active auxin, and, furthermore, its
expression can be induced by exogenously-applied auxin (Sabatini et al., 1999; Friml et
al., 2002, 2003; Benková et al., 2003; Ottenschläger et al., 2003). Therefore, the reporter
driven by DR5 can be used as a reasonable approximation of auxin accumulation in
different cells of tissues, allowing visualization of the spatiotemporal pattern of auxin
distribution (Sabatini et al., 1999; Casimiro et al., 2001; Avsian-Kretchmer et al., 2002;
Benková et al., 2003; Friml et al., 2003; Ottenschläger et al., 2003; de Reuille et al.,
2006). In Arabidopsis, all organs originate from apical meristems including shoot and
root meristems, whereas the in vitro organs come from a group of undifferentiated
somatic cells, namely calli, that are produced throughout the dedifferentiation of explant
cells. Interesting questions arise on how the exogenous auxin is transported from the
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medium into explant cells, and what is the distribution pattern of auxin during in vitro
organogenesis.
Molecular evidence is mounting in understanding the role of hormones in
organogenesis. Che et al. (2002) and Gordon et al. (2007) analyzed DR5::GUS
expression pattern during somatic embryogenesis, and their results indicated that the
somatic embryo (SE) induction is correlated with the auxin asymmetric distribution.
Further analysis of the pPIN1::PIN1-GFP expression pattern shows that efflux-dependent
auxin gradients are established in those cells will outgrow to form somatic proembryo. In
contrast, somatic embryos can be inhibited by the application of naphthylphthalamic acid
(NPA), a type of auxin transport inhibitor. Thus, auxin polar transport occurs during
inflorescence and somatic embryo induction, and asymmetric distribution of auxin is
necessary for de novo initiation of organ primordia under culture conditions.
Along with auxin, cytokinin is believed to be another important factor for
organogenesis. Therefore, whether cytokinin response is partitioned during organogenesis
in a fashion like auxin is an interesting question. During de novo shoot regeneration, the
expression of cytokinin responsive ARABIDOPSIS RESPONSE REGULATOR 5
(ARR5) reporter shows a dynamic change pattern. Accumulation of ARR5 mRNA is
increased not only in calli initiated from root explants but also during the early stages of
incubation on shoot-induction medium (SIM). Of course, its expression peaks 6 d after
incubation, and then begins to diminish at approximately the time of the cell fate switch
to shoot primordia, which is correlated to the presumptive site of shoot formation (Che et
al., 2002; Gordon et al., 2007). Thus, the distribution of cytokinin during in vitro shoot
organogenesis is dynamic and asymmetric. More importantly, a hormonal distribution
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pattern is essential for cell fate switch; although the response patterns of auxin and
cytokinin during organ regeneration may be divergent (Zhao, 2008).

Stem Cells
Stem cells are a group of cells that are not only able to form many differentiated
cell types, but also able to self-renew to maintain a relatively stable cell number. In
planta, stem cells in meristems are the origin of all organs including leaves, stems and
flowers during postembryonic development (Weigel and Jürgens 2002). Stem cells
generate transit amplifying cells, which divide a finite number of times in the proximal
meristem (the division zone, DZ), before entering a zone of rapid cell elongation without
cell division (the elongation/differentiation zone, EDZ) and finally differentiate to reach
maturity (Dello Ioio et al., 2007). The overall rate of root growth and root meristem size
is determined by the rate of cell division in the meristem and the extent of cell
differentiation at the TZ (transition zone).
Previous studies demonstrated that the shoot organs during postembryonic
development are ultimately derived from as little as six to nine founder cells, namely the
stem cells (Stewart and Dermen, 1970; Laux, 2003). The most critical event in embryo
development appears to be the formation of the meristem (Meinke, 1991). Stem cells
within the meristem enable plants to grow and produce new organs (Scheres, 2007), and
their identity and proliferation are maintained in part by signals that these cells receive
from the local environment.
The molecular mechanism of stem cell formation and their proliferation is
reviewed in several papers (Weigel and Jürgens, 2002; Scheres, 2007). The WUS gene
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encodes a homeodomain protein (Mayer et al., 1998), and its protein activity results in
signaling to the overlaying stem cells, which induces CLV3 expression. In turn, CLV3
protein interacts with the CLV1/CLV2 receptor complex to limit the area of WUS
expression in the underlying organizing center. Thus, the organization and functioning of
the embryonic shoot apical meristem (SAM) in Arabidopsis is regulated by a
CLV3/WUS negative-feedback loop, which ensures homeostasis of the SAM by
controlling the number of stem cells present in the central zones (Fletcher et al., 1999;
Brand et al., 2000; Schoof et al., 2000; Weigel and Jürgens, 2002). Different to that of
embryonic meristem, both WUS and STM are needed for CLV3 expression during postembryo organogenesis (Brand et al., 2002).The WUS and CLV3 genes are usually
considered as markers for organizing center cell and stem cell identities in the SAM,
respectively.
The comparison between organ formation in vivo and in vitro raises the question
of whether there are stem cells during in vitro organogenesis. If this is the case, how does
the stem cell form in the callus? During in vitro shoot organogenesis, WUS expression is
up regulated in the callus 3 d after induction on SIM (Cary et al., 2002; Gordon et al.,
2007). These studies suggest that shoot organ regeneration is dependent on the expression
of both WUS and CLV3. Although the mechanism of stem cell formation is unclear in
the callus, it is obvious that stem cells contribute to shoot organogenesis. During the in
vitro inflorescence regeneration, both WUS and CLV3 reporter signals were observed in
the callus at 4–5 d after induction. Further co-localization analysis of both genes shows
that the WUS expression domain is just below the CLV3 expression one, suggesting that
both WUS and CLV3 expression may imply promeristem formation within the callus
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(Zhao et al., 2008). These results indicate that both genes are responsible for new stem
cell formation.

DR5::GUS
The DR5 (7x)-GUS reporter gene construct in transgenic Arabidopsis provides a
useful marker gene for studying auxin-responsive gene transcription in both wild-type
plants and mutants. Because DR5 functions through a single type of TGTCTC AuxRE, it
provides a more specific and better characterized marker than natural auxin responsive
promoters, which may contain multiple AuxREs and other cis elements that regulate gene
transcription. (Ulmasov et al., 1997) The DR5 element has also been used in combination
with a GUS reporter gene (Figure 2.2) and hygromycin selectable marker to identify
auxin-responsive mutants in Arabidopsis seedlings that contain these transgenes.

DR1-4 AuxRE -11bp-5’-CCTCGTGTCTC-3
DR5 AuxRE -11bp-5’-CCTTTTGTCTC-3
Figure 2.2 Diagram of the T-DNA region of the binary vector containing the DR5(7x)GUS construct.
Seven copies of DR5 were ligated upstream of a minimal35S promoter, which was used
to drive both the GUS and the hygromycin phosphotransferase (HPH) genes. Both
chimeric genes were terminated by the nopaline synthase 3’ untranslated region. The
vector also contained a kanamycin resistance gene (KAN) for selection of transgenic
plants. The arrows below the diagram indicate the direction of transcription for each
gene. LB, left T-DNA border; RB, right T-DNA border.
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The synthetic DR5 element represents an exceptionally active AuxRE compared
with natural composite AuxREs containing the TGTCTC element (Liu et al., 1994;
Ulmasov et al., 1995) and a synthetic P3 TGTCTC element (Ulmasov et al., 1997). Based
on these results, the DR5 element must be present in at least two tandem copies to
function as an AuxRE in carrot protoplasts, and multimerization of this element up to
seven copies further enhances the response to applied auxin.
The recent availability of the DR5::GUS reporter construct to visualize regions of
auxin accumulation allows plant biologists opportunities to test old and new questions
about the roles of auxin in developmental processes. DR5 is a synthetic auxin-responsive
promoter that consists of a 7X repeat of the ARF site (AuxRE) from the soybean GH3
promoter and a 35S minimal promoter fused to the GUS-encoding reporter gene. In
Arabidopsis, DR5::GUS is sensitive to auxin in a dosage dependent manner, and its
activity reflects endogenous auxin levels in plant parts under the staining conditions
typically used.
The AuxREs, which consist of a TGTCTC sequence and an adjacent or
overlapping coupling element, were defined based on the auxin-responsive promoter of
the soybean GH3 gene (Liu et al., 1994; Ulmasov et al., 1995). Gain-of-function
experiments with minimal promoter-GUS reporter genes have shown that a single copy
of an AuxRE is sufficient to confer auxin responsiveness to reporter genes (Ulmasov et
al., 1995). The IAA5 and IAA19 genes have one and three putative AuxREs ,
respectively, in the 500-bp fragments upstream of their start codons. DR5, an artificial
AuxRE containing the TGTCTC element, has increased auxin responsiveness (Ulmasov
et al., 1997). The GUS reporter gene fused to a minimal cauliflower mosaic virus 35S
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promoter, and the DR5 AuxRE has been used widely as a marker to monitor endogenous
IAA distribution because the resulting GUS activity coincides with endogenous IAA
distribution (Sabatini et al., 1999; Casimiro et al., 2001).

GUS
GUS

-glucuronidase) is a reporter gene system, particularly useful in plant

molecular biology (Jefferson et al., 1987). The system was originally developed by
Richard Anthony Jefferson during his Ph.D. The purpose of this technique is to analyze
the activity of a promoter (in terms of expression of a gene under that promoter) either in
a quantitative way or through visualization of its activity in different tissues. The
technique is based on beta-glucuronidase, an enzyme which is encoded by uidA gene
from the bacterium Escherichia coli (Blanco et al., 1982). This enzyme when incubated
with some specific colorless or non-fluorescent substrates, can transform them into
coloured or fluorescent products (Jefferson et al., 1986). There are actually different
possible glucuronides that can be used as substrates for the beta-glucuronidase,
depending on the type of detection needed (histochemical, spectrophotometrical,
fluorimetrical). The most common substrate for GUS histochemical staining is 5-bromo4-chloro-3-indolyl glucuronide (X-Gluc). Other common substrates are p- 

 -

D-glucuronide for the spectrophotometrical assay and 4-methylumbelliferyl-beta-Dglucuronide (MUG) for the fluorimetrical assay.
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Histochemical GUS Assay
The histochemical GUS assay allows the visualization of expression in specific
cell and tissue types (Figure 2.3). The compound 5-bromo-4-chloro-3-indolyl
glucuronide (X-Gluc) is used as a substrate for GUS-catalyzed reaction. The primary
reaction product, 5-br-4-Cl-3-indolyl is colorless and soluble. This product is then
oxidized and dimerized in the visualization reaction to form an insoluble, intensely blue
final reaction product, dichloro-dibromoindigo (ClBr-indigo) The presence of ferri- and
ferrocyanide in the incubation medium is a critical point for the visualization reaction in
this procedure. It accelerates the formation of the final reaction product. It also protects
the formed indigo from further oxidation, which would convert it to colorless or
yellowish products. The ClBr-indigo blue product precipitates immediately upon its
formation in the tissue containing the GUS enzymatic activity. These characteristics
make X-Gluc to be an ideal substrate for the histochemical localization assay (Gallagher,
1992).
Performing the histochemical GUS assay with some plant organs covered with a
cuticle layer (such as leaves &stems) will slow the penetration of the staining reagent.
Thus, it is better to perform the intact tissue staining with younger material, such as
embryos or newly expanding leaves. For the older tissues, it is recommended to cut the
materials in to pieces with sizes not greater than 1cm (Gallagher, 1992).
The typical reagent mix contains three components: the substrate, 1-5 mM XGluc; 0.1 M sodium phosphate buffer, pH 7.0; and the oxidation catalyst, 0.5 mM
potassium ferricyanide and potassium ferrocyanide, containing 10 mM EDTA, pH 7.0.
The oxidation catalyst is used to accelerate the oxidative dimerization of the colorless
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cleavage intermediate into the blue colored final product. The EDTA is used to reduce
the partial inhibition of the GUS enzyme caused by the oxidized ferricyanide. Typically,
the GUS reaction is performed at 37oC, and the incubation times are dependent on the
individual promoter and vary from 10 minutes to several hours. Although the assay is not
affected by long incubations (i.e., 24 hours), it may cause the plant tissue to turn brown.
In addition, this often results in formation of faint blue cells or tissue spots, which are
much more difficult to see. Therefore, the minimal incubation time is recommended
(Gallagher, 1992).

Figure 2.3 The principle and experimental procedure of the histochemical GUS assay.

Since some bacteria and fungi also contain GUS activity, early staining to confirm
transformation can be misleading if the tissue is not completely free of bacterial
contamination, especially when using the Agrobacterium-mediated transformation
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method. To prevent this problem, the transformed plants are cultured in medium
containing high levels of antibiotics for several weeks (Gallagher, 1992).

Fluorometric GUS Assay
The fluorometric GUS assay is used to quantify the level of GUS expression
(Figure 2.4). The assay is based on the hydrolysis of the substrate, 4-MUG(4methylumbelliferryl- -D- glucuronide), by the GUS enzyme to form a fluorigenic
product, 7-hydroxy-4methylcoumarin(4-MU). The product, 4-MU, has a maximal
fluorescence at pH 9-10. The fluorescent level of 4-MU is measured by a fluorometer
using an excitation wavelength of 365 nm and an emission wavelength of 460 nm
(Gallagher, 1992).
Because 4-MU is maximally fluorescent at pHs above its pKa value (8.2), the
reaction stop buffer, 0.2 M sodium carbonate (pH 9.5), is added to raise the pH value
above 8.2 before the assay. In general, the assay is performed by incubating the reaction
mixture at 37oC, and the intervals of reaction times are dependent on the activity of
the inserted promoter(Gallagher, 1992).
While measuring the fluorescent level of 4-MU with the fluorometer,
photodegradation of 4-MU from the exposure to the intense excitation light might cause a
downward drift in the reading. Therefore, it is important to keep sample exposure to the
excitation light to a minimum. It is necessary to prepare 4-MU standard solutions for
calibrating the data during every measurement, because the fluorometric assay is based
on the determination of the relative fluorescence intensity. Typically, the GUS activity
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should be linear over a long time course, and an initial time point is not critical
(Gallagher, 1992).

Figure 2.4 The principle and experimental procedures of the fluorometric GUS assay.

GFP
The rapid rise of fluorescent proteins (FPs) as a fundamental staple of biomedical
research has often been termed a revolution, the first phase of which began just over a
decade ago when the original Aequorea victoria jellyfish wild-type green fluorescent
protein (GFP) was elegantly used to highlight sensory neurons in the nematode (Chalfie
et al., 1994 ).
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The original GFP isolated from the jellyfish Aequorea victoria has an excitation
peak at 395 nm and a weaker excitation at 475 nm, and emits at 508 nm (FP molecular
biology is reviewed in Zacharias and Tsien, 2006). Early attempts to express wild-type
GFP in Arabidopsis were unsuccessful, requiring modification of codons and other
sequences in order to yield a functional protein in plants (Chiu, 1996; Haseloff, 1997).
Subsequent genetic modifications have produced a number of GFP mutants; with the
enhanced green fluorescence protein (EGFP) mutant being one of the most commonly
used forms. EGFP is relatively bright, has a single excitation maximum at 488 nm and an
emission at 509 nm, closely matching those for fluorescein (commonly configured for
detection on fluorescence microscopes), and matures about four times faster than wildtype GFP.
Light is produced by the bioluminescent jellyfish Aequorea victoria when calcium
binds to the photoprotein aequorin (Shimomura et al., 1962). Purified GFP, a protein of
238 amino acids (Prasher et al., 1992), absorbs blue light (maximally at 395 nm with a
minor peak at 470 nm) and emits green light (peak emission at 509 nm with a shoulder at
540 nm) (Morin and Hastings, 1974; Ward et al., 1980). This fluorescence is very stable,
and virtually no photobleaching is observed (Prendergast, 1999). Although the intact
protein is needed for fluorescence, the same absorption spectral properties found in the
denatured protein are found in a hexapeptide that starts at amino acid 64 (Shimamora,
1979; Cody et al., 1993). The GFP chromophore is derived from the primary amino acid
sequence through the cyclization of serine-dehydrotyrosine-glycine within this
hexapeptide (Cody et al., 1993).
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Marine biochemists labored in relative obscurity for 30 years before the jellyfish
Aequorea victoria green fluorescent protein (GFP) gene was first cloned (Prasher et al.,
1992) and transformed into the nematode Caenorhabditus elegans (Chalfie et al., 1994).
Larger organisms, such as plants (Shimomura, 1979) were transformed with GFP variants
yielding visible green fluorescence. On a more serious note, FP’s have become integral
tools in functional genomics and development. This approach has been particularly useful
in plant biology. FPs have been linked to numerous different proteins to monitor
localization and in functional genomics a transgenic approach using FPs might well be
exploited to examine promoter activity and to clone regulatory elements (Ayalew, 2003).
Cutler et al. (2000) described a general approach to tag Arabidopsis thaliana cDNAs with
GFP to identify subcellular structures. GFP has been a powerful tool in studying various
genomic phenomena.

33

CHAPTER III
AUXIN CONTROLS THE CELL FATE SWITCH BETWEEN CELL
DIFFERENETIATION AND CELL DEDIFFERENTIATION VIA
QUANTITY REGULATION

Introduction
Plant cells are totipotent, meaning that the differentiated living cells, except those
being exclusively programmed into narrow paths of specialization, possess an ability to
redisplay their full genetic program, leading to the formation of new plants (Gautheret,
1985; Bhojwani and Razdan, 1983). The concept of totipotency includes a two-step
process. The first is acquiring, in response to appropriate stimuli, stem cell
morphogenetic and cell division competence (dedifferentiation), and the second is
expressing the morphogenetic potential during morphogenesis (regeneration). Callus, a
group of dividing cells without recognizable tissues and organs, is usually produced
following cell dedifferentiation in plants due to cell division activities. Therefore, the
term callus induction is used to describe the cell dedifferentiation and subsequent cell
division process in plant tissue culture. At the molecular level, the genome undergoes
reprogramming to restore the stem cell status, and the genes in the reprogrammed
genome are then expressed following the orderly pattern of a zygotic cell during
regeneration (Wade and Kikyo, 2002). Due to its cell division and regeneration
capability, callus shares many common features with meristem cells.
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In plants, callus induction was first identified in wounded trees two and a half
centuries ago, where the differentiated mature cells dedifferentiate, proliferate, and then
re-differentiate into other cell types to replace the damaged tissues (Duhamel du
Monceau, 1756; Stobbe et al., 2002). The development of tissue culture technologies
demonstrates that exogenously applied phytohormones, mainly auxin and cytokinin, play
a critical role in cell dedifferentiation and re-differentiation. The successful induction of
calli from protoplasts of highly differentiated cells, such as guard cells and mature
mesaphyll cells, has demonstrated that calli can be produced from highly differentiated
mature cells via dedifferentiation instead of from quiescent stem cells (Hall et al., 1995;
Bhojwani and Razdan, 1983).
In spite of the many differences between plants and animals, which might reflect
adaptations to the sedentary life-style, the overall regulation mechanism of cell cycle
progression in plants is similar to that in other eukaryotes. Enzyme complexes that
consist of a catalytic subunit, cyclin-dependent kinase (CDK), and a regulatory subunit,
cyclin, play a central role in controlling the cell cycle (Stals et al., 2000). The
CDK/cyclin complexes are influenced by a combination of different gene products and
factors that ensures that the progression of the cell cycle is initiated as an integral part of
the growth and developmental program and/or in response to the environment (Mironov
et al., 1999). These factors exert their influences on the cell cycle machinery through
various pathways. Each cyclin has a unique expression pattern during the cell cycle. The
B1 cyclins are expressed at the G2/M transition (Ferreira et al., 1994; Segers et al., 1996;
Shaul et al., 1996). In most plant cell cultures, cell division is dependent on the presence
of plant hormone(s). A positive correlation between the amount of plant cyclin transcripts
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and cell proliferation has been observed ((Hemerly et al., 1992, Hata et al., 1991, Hirt et
al., 1992). In plants, little is known about how endogenous factors (e.g. hormones and
cell size) and abiotic factors (e.g. temperature, nutritional and water status) affect the
activity of the CDKs and, hence, cell division.
Studies on polar auxin transport have shown that the local auxin maximum and
gradient play essential roles in regulating auxin mediated pattern formation and cell
differentiation (Benková et al., 2003; Friml et al., 2002; Friml et al., 2003a; Friml et al.,
2003b; Blilou et al., 2005). The asymmetric subcellular localization of the auxin efflux
carrier facilitator PINs (PINFORMED) contributes to the formation and maintenance of
apical meristem and lateral organ primordia (Friml et al., 2003b; Blilou et al., 2005; Xu et
al., 2006; Reinhardt et al., 2003). Specific local application of exogenous auxin in apical
regions is able to induce organ genesis and can be used to alter the pattern of phyllotaxis
(Reinhardt et al., 2003).
Although cell dedifferentiation has been known for over two and a half centuries
in plants, no markers are available to specifically verify the cell dedifferentiation event at
the molecular level. It is unknown what the minimal requirements for cell
dedifferentiation are. In addition, it is also unclear how plants can utilize auxin to regulate
both dedifferentiation and differentiation. The limited progress is mainly because
excision of the explants and application of multiple phytohormones in tissue culture make
the cell dedifferentiation an extremely complicated subject (Srivastava et al., 2002).
Here a system was developed to study the role of auxin on cell dedifferentiation
without the interference from wounding and other hormones. The minimal requirements
for cell dedifferentiation in Arabidopsis were identified. Using a novel quantification
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approach, a specific cellular auxin level that determines a cell fate switch between
differentiation and dedifferentiation was identified. Finally, a set of genes whose coexpression tightly associates with the cell dedifferentiation event in Arabidopsis were
deciphered.

Materials and Methods

Callus induction
Arabidopsis seeds were sterilized and placed on Gamborg’s B5 medium
supplemented with 2,4-D (2,4-Dichlorophenoxyacetic acid) or NAA (Naphthalene Acetic
Acid). After 5 days of cold treatment at 4 ºC, the Petri dishes were transferred to a 22 ºC
growth chamber for callus induction with 16 hours of dim light (50 µmol m-2 sec-2) and 8
hours of dark. After 3 to 6 weeks of incubation, production of callus was recorded. The
B5 medium (pH 5.7) was supplemented with 1% sucrose and 0.9% agar.

Auxin efflux inhibitor treatments
The studies with auxin efflux carrier inhibitors were the same as the callus
induction except that the inhibitors were added into the medium after autoclaving. The
inhibitors used were HFCA (9-hydroxy-fluorene-9-carboxylic acid, sigma), NPA (1-Nnaphthylphthalamic acid, sigma) and TIBA (2, 3, 5-triiodobenzoic acid, Sigma).
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Arabidopsis mutant and transgenic lines
The pin1, pin4, and pin7 triple mutant was kindly provided by Dr. Ben Scheres
(Blilou et al., 2005). The Arabidopsis seeds of DR5:GUS were kindly provide by Dr.
Thomas J. Guilfoyle (Ulmasov et al., 1997). The DR5:GFP transgenic line (Ottenschlager
et al., 2003) was used to cross cyc:GUS (Renaudin et al., 1996).F3 homozygous seeds
were screened for both DR5 and cyc expression.

RNA isolation and RT-PCR
Total RNA was isolated from Arabidopsis calli and tissues using the QIAGEN
RNeasy Plant Mini Kit, followed by a treatment of RNAase free DNAase (Promega) and
cleaned using the RNA cleanup protocol provided by QIAGEN. The first strand cDNA
synthesis used the SuperScriptTM Frist-strand synthesis kit for RT-PCR (Invitrogen). The
PCR primers were designed using OligoPerfectTM Designer (Invitrogen)
Wus
TAACCGAGTTGGGTGATGAA – F
GCCGATCAGATCCAGAAGAT - R

Plt1
GACGGTGGCTCACCTCTAAG –F
AGCAAGCTTGGGTTCGATAA -F
Plt2
ACACCGATCACAACCTCGTA – F
GAGGCACAAGTGACGACTGT – R
Ubq
TCTCACCGGAAAGACAATCA – F
AGGAATGCCCTCCTTATCCT – R

38

Fus3
AGTTGGCACGTGGGAAATAG – F
CGTCTGTGCCTCTTCTTGGT – R
ABI3
CAGCAGAACCAAACCCAAAT –F
GCTCGGTCCATGGTAGGTAA -R

Histochemical analyses of GUS activity
The histochemical stain of GUS was carried as reported by Sessions et al. (1999)
except without sectioning. In brief, plant materials were stained in GUS staining solution
(100 mM Na Phosphate at pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 1 mM potassium
ferricyanide and 1 mM potassium ferrocyanide 1 mg/mL of X-Gluc [Gold Bio
Technology, Inc]). The samples were incubated at 37°C overnight after being placed
under vacuum for 10 min in a dessicator, and the GUS expressing tissues were stained
blue. The chlorophyll pigments in the green tissues were removed by incubating with
several changes of 70% ethanol. The tissue sections were finally kept in 90% ethanol at
room temperature, and examined under microscope. The GUS images were acquired
using a Zeiss Stemi SV11 (Apo) light microscope.

Fluorometric analyses of GUS activity
The fluorometric analysis of GUS activity was measured using GUS Reporter
Gene Activity Detection kit (Marker Gene Technologies, M0877). The procedure
followed the instructions from the manufacturer. The Hoefer TKO 100 Fluorometer was
used to measure fluorescence of protein extract with excitation wavelength at 365nm and
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an emission wavelength at 455nm. For each treatment, at least three biological replicas
were used.

Preparation of GUS Extracts from Arabidopsis seedlings
Arabidopsis seedlings grown in Gambogh B5 medium (Sigma) supplemented
with 1% (w/v) sucrose, MES salts and the pH was 5.7 for 8-9 days were harvested.
Approximately 23 gm of tissue was ground in liquid nitrogen with pellet pistle. 500 ml of
GUS extraction buffer(50nM NaH2PO4˘ˇˆ˙ -mercaptoethanol, 10mMEDTA,
pH 8.0, 0.1% sodium lauryl sacrosine, and 0.1% Triton X-100)(GUS-Reporter Gene
Activity Kit was bought from Marker Gene Technologies) was added in to the eppendorf
and ground. The homogenate was vigorously vortexed for 1 minute. The insoluble
substances and cell debris were removed by centrifugation at 12,000x rpm for 8 minutes.
The supernatant fraction was transferred in to a fresh microcentrifuge tube and stored at
-70oC.

Quantitative analysis of protein extracts from Arabidopsis seedlings
The protein concentration was measured by using a GeneQuant Pro
spectrophotometer. The Bradford method, based on the color change of Coomassiee blue
G-250 dye, was used to determine the relative protein concentration with dilutions of
BSA as the protein standard. Fifty µl of GUS extracts were used to measure the amount
of protein. One ml of diluted (1/5) dye reagent (Bio-Rad) was added. After 10 minutes
the absorbance of samples was then measured at 595 nm. The protein concentration of
Gus Extracts was determined from the BSA standard curve.
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Setting the TKO 100 flurometer
The Hoefer TKO 100 Fluorometer with a fixed excitation wavelength at 365nm
and an emission wavelength at 455nm was used to measure the fluoroscence of the
reaction product 4-MU (7-hydroxy-4-methylcoumarin) formed by the GUS –catalysed
hydrolysis of the substrate 4-MUG(4-˙  ˝ˆ˛ °  -D-Glucuronide). The
fluorometer was turned on for at least 15 minutes before taking measurements so that the
lamp and the cuvette well temperatures were in stable conditions. The SCALE knob of
the fluorometer was turned about five full clock wise turns from the fully counter
clockwise position to set the sensitivity of the detecter monitor to about 50%. Then 980µl
of the carbonate stop buffer (0.2M Na2CO3) was added into 1ml cuvette, which was then
placed in to the cuvette well. After closing the lid, the fluorometer was adjusted to zero
by turning the ZERO knob until the display read 0000. Twenty µl of 1 µM 4MU were
added into the cuvette and mixed well, the SCALE knob was then turned to a display
reading of 1000. Because the 4-MU solution would photodegrade quickly, the
adjustment had to be completed within 10 seconds. This procedure was repeated at least
once to verify that the resulting reading was reproducible.

Calibration of the fluorometer
Because the readings from the fluorometer represent relative values of
fluorescence, it is necessary to calibrate the instrument with known standards in each use.
Ten µl of 5, 10, 20, 30nM 4-MU were individually added into a 1.5 ml microcentrifuge
tube containing 990µl of carbonate stop buffer, and the fluorescence of each sample was
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measured. The 4-MU standard curve was constructed, and the relative concentration of
samples was then calculated from the standard curve.

Fluorescence measurement of GUS extracts from Arabidopsis seedlings
After setting the fluorometr, 100µl of the assay buffer containing 2mM 4-MUG
were added in to a 0.6 ml microcentrifuge tube and incubated in a 37oC water bath for 5
minutes. The GUS extract containing ~5µg protein from each treatment was added into
the assay buffer, and the final reaction volume was adjusted to 110µl with the (GUS
extraction buffer). After incubation for 40 minutes, 10µl of the reaction mixture were
removed and transferred into a cuvette containing 990µl of carbonate stop buffer. The
sample was mixed, and the fluorescence was then determined. The experimental
procedure was repeated once, and the data was averaged. The experiment was repeated 4
times for each treatment to generate the biological replications. Among 4 repications best
of 3 were used.

Microscopy

GFP image acquisition and analysis
Fluorescent images were acquired using Carl Zeiss Microimaging Inc. Confocal
Laser Scanning Microscope (LSM 510) utilizing an Inverted Zeiss Axiovert 200 M light
microscope with a Plan Apochromat 5X/0.16 NA objective lens. An EGFP LP505filter
set was used with Excitation and Emission wavelengths of 488 nm and 505 nm
respectively. A 512 x 512 pixel Scan-Format was used to capture images. The image
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series were aligned, and an area of 200 x 200 µm was selected using ImageJ software
(Rasband 1997–2007). GFP Expression in the green channels was determined by
multiplying the total number of pixels above a threshold value (typically 30 grayscale) by
the average grayscale value of the threshold pixels. Total GFP Expression was calculated
by adding the values for all layers in the green channel. The GUS images were acquired
using a Zeiss Stemi SV11 (Apo) light microscope.

Cellular GUS stain intensity measurement
Cellular GUS stain intensity was measured as following: Calli and 6 days old
seedlings of all treatments including the control were stained with GUS histochemically
in parallel using the same procedure described above. The GUS stained root meristem,
root tissues (excluded meristem) and hypocotyl tissues were excised for squash
preparation under microscope. For the purpose of accurate comparison, an excised
control meristem was included in each squash preparation slide. The images of the well
separated intact cells were recorded using digital camera hooked with an OLYMPUS
BX51 microscope. The images were saved in TIFF files and analyzed using PDQUEST
7.4.0 (BIO-RAD). The cellular GUS densities were measured using the density tool. This
software was designed to measure the protein spot density on a 2-D gel after staining
with coomassie blue and other dyes. It can provide the relative density of any selected
area in a photo as well as the average density of any selected region in a photo.
Therefore, it can measure the density of any selected cell. For each treatment, at least 30
samples were used. For each sample, the average of the top 25 cells with highest GUS
stain intensity was taken as the GUS stain intensity of the sample. The density of
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different slide were normalized using the control root meristem whose cellular GUS stain
density was considered as equal among different slides. The average of the thirty samples
was presented as the average GUS density of the treatment.
The DR5 and cyc transgenic image acquisition was carried out using the Olympus
BX51 Fluorescent microscope attached with the Olympus DP71 camera. The camera is
single CCD color camera. The DR5:GFP and cyc:GUS images were acquired with image
resolution of 2040 x 1536.

Results

Identification of minimal requirements for cell dedifferentiation in Arabidopsis
Identifying the minimal requirements for cell dedifferentiation can significantly
simplify studies on mechanisms of cell dedifferentiation. Therefore, it was tested if
applying auxin without other hormone is sufficient to induce cell dedifferentiation in
Arabidopsis. In addition, intact germinating seeds were used as explants to avoid the
interference from wounding. As shown in Figure 3.1, application of 2,4-D (2,4Dichlorophenoxyacetic acid, a synthetic auxin) was sufficient to induce cell
dedifferentiation and subsequent callus formation from intact seedlings. At an auxin
concentration of 0.05 mg/l 2,4-D, roots produced calli constantly (Figure 3.1A-2).
Concentrations below 0.04 mg/l 2,4-D did not induce callus production.
When 2,4-D increased to 0.25mg/l, both roots and hypocotyls generated visible
calli. However, the cotyledons remained intact and leaves were produced afterward
(Figure 3.1A-3). When the concentration reached 1mg/l, about 35% of seedlings were
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able to produce calli from cotyledons. When 2,4-D was at 3 mg/l, all organs in the
seedlings were completely converted into calli (Figure 3.1A-4). The calli induced by
auxin without cytokinin were soft, watery, without detectable embryonic structure under
microscope. It could be maintained by subcultures. In addition, it was found that
application of NAA (Naphthalene Acetic Acid, another synthetic auxin) alone was also
sufficient to induce cell dedifferentiation and callus production in Arabidopsis (Figure
3.1B). Similarly, roots required less NAA for callus induction than cotyledons.

Figure 3.1 Callus formation in different Arabidopsis organs induced by auxin.
Sterilized seeds were placed on B5 media with 2,4-D and cold treated for five days at 4 oC before
transferring to 22 oC for callus induction. A) Callus production induced by 2,4-D in 3 weeks old
seedlings. 1, seedling grown on medium without 2,4-D; 2, small calli produced from roots on
medium with 0.05 mg/l 2,4-D; 3, calli produced from root and hypocotyl on medium with
0.25mg/l 2,4-D; 4, calli produced from root, hypocotyl, and cotyledons on medium with 3.00
mg/l 2,4-D. B) Callus formation in Arabidopsis organs induced by NAA in 3 weeks old
seedlings. 1, seedling grown on medium without NAA; 2, small calli produced from roots on
medium with 2.5 mg/l NAA; 3, calli produced from root and hypocotyl tissues on medium with
5.0 mg/l NAA; 4, calli produced from root, hypocotyl, and cotyledons on medium with 7.0 mg/l
NAA.
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It has been reported that the cellular GUS activity driving by the auxin responsive
promoter DR5 (DR5:GUS) correlates with the cellular auxin content (Ulmasov et al.,
1997; Firml et al., 2002; Casimiro et al., 2001). It was observed that there was a linear or
almost linear relationship between 2,4-D applied (from 0.0 to 2 mg/l) and the GUS
activity in young seedlings in Arabidopsis (Figure 3.2A). The endogenous GUS activity
(GUS activity of control seedlings) was low (~280 pmoles/µg/min) compared with the
2,4-D treated seedlings, which was up to 110,000 pmoles/µg/min when treated with 2.0
mg/l 2,4-D. Because roots formed calli under lower concentrations of auxin, it was
investigated if this was just because the roots had a better contact with the 2,4-D in
medium. The GUS activity in roots and cotyledons was measured. As shown in Figure
3.2B, the 0.05 mg/l 2,4-D treated roots, which were able to form callus, had a GUS
activity of 6,900 pmoles/µg/min, and the 0.25 mg/l 2,4-D treated cotyledons, which were
unable to form callus, had a GUS activity of 18,000 pmoles/min/µg. The nonspecific
backgrounds had been removed by subtracting the results from those of the plants
without the GUS reporter gene under the same treatment respectively. Because above
cotyledons had a higher level of auxin than the roots producing calli, this result
demonstrated that cotyledons were less sensitive to 2,4-D mediated callus production
than roots in intact seedlings. The auxin accumulation in hypocotyls followed a more
complicated pattern. It will be subsequently addressed.
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Figure 3.2 GUS activities of Arabidopsis seedlings harboring DR5:GUS reporter treated
with 2,4-D.
The results were the average of three biological repeats. The error bars represent standard error.
The non-specific background was removed by subtracting the results of the seedlings without the
DR5:GUS reporter but under the same treatment. A) The relationship of GUS activity and the
applied 2,4-D concentration in Arabidopsis seedlings. Proteins were extracted from the whole
seedlings. B) GUS activities of Arabidopsis organs treated with 2,4-D. The treatments are
indicated at the bottom of the graph. The roots and cotyledons harvested from 6 days old
seedlings were used for protein exaction and followed by GUS activity assay.
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Disruption of the auxin efflux system promotes cell dedifferentiation and callus
formation
The organ differential response to auxin mediated cell dedifferentiation provides a
sensitive biological assay for identifying cellular components that regulate cell
dedifferentiation. For example, if a genetic mutation or a chemical treatment leads to
callus production from cotyledons on a medium with only 0.25mg/l of 2,4-D, it suggests
that the mutation or chemical treatment promotes dedifferentiation and callus formation.
To define the pathway regulating cell dedifferentiation, the role of various inhibitors of
auxin related pathways on cell dedifferentiation using this assay was tested. It was
discovered that auxin efflux inhibitors significantly enhanced callus production in
presence of exogenous auxin. In the presence of 0.01 mg/l of 2,4-D, the control seedlings
did not produce calli at all. When 10 µM NPA (1-N-naphthylphthalamic acid), the most
widely used auxin efflux inhibitor, was included in the medium, calli were produced from
roots in all tested seedlings (Figure 3.3A). In the presence of 0.05 mg/l of 2,4-D, the
control seedlings produced small calli only from the roots. In contrast, plants produced
calli from both roots and hypocotyls when NPA was applied (Figure 3.3B and Figure 3.4
for quantification results). In the presence of 0.25mg/l of 2,4-D, control plants produced
no calli from cotyledons but all the NPA treated seedlings produced calli from cotyledons
(Figure 3.3C and Figure 3.4). Other auxin efflux inhibitor TIBA (2, 3, 5-triiodobenzoic
acid) and HFCA (9-hydroxy-fluorene-9-carboxylic acid) had similar effect (Figure 3.3D,
3.3E, and Figure 3.4). In addition, NPA also significantly enhanced NAA induced callus
production from intact Arabidopsis seedling (Figure 3.3F, 3.3G, and Figure 3.4),
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suggesting that the effect of auxin efflux inhibitors on dedifferentiation and callus
formation was independent of the auxin type.

Figure 3.3 Disruption of the polar auxin efflux system promotes callus production.
Seeds were germinated on media with different concentrations of 2,4-D, NAA, and auxin
efflux inhibitors as indicated. The pictures were taken after three weeks of treatment.
The seedling on the left side of each panel was treated with auxin only and on the right
was treated with both auxin and the auxin efflux inhibitor. The scale bar represents 5 mm.
A) effect of 10 M NPA on callus production in presence of 2,4-D at 0.01 mg/l; B) effect
of 10 M NPA on callus production in presence of 2,4-D at 0.05 mg/l; C) effect of 10
M NPA on callus production in presence of 2,4-D at 0.25 mg/l; D) effect of 10 M
TIBA on callus production in presence of 2,4-D at 0.05 mg/l; E) effect of 10 mM HFCA
on callus production in presence of 2,4-D at 0.05 mg/l; F) effect of 10 M NPA on callus
production in presence of NAA at 2.5 mg/l; G) effect of 10 M NPA on callus
production in presence of NAA at 5.0 mg/l; H) effect of pin1, pin4 and pin7 triple
mutation on callus production in presence of 2,4-D at 0.25 mg/l. On the left was the wildtype. On the right was the triple mutant.
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Figure 3.4 Disruption in the auxin efflux system on callus production revealed by
quantification.
Seeds were germinated on media with different concentrations of 2,4-D, NAA, and efflux
inhibitors as indicated at the bottom of each graph. The percentage of seedlings producing calli
was recorded when the seedlings were three weeks old and the data was the average of three
biological repeats with at least 30 seedlings each. The error bars represents standard error. There
were no standard error bars in some treatments due to 100% response under the treatment. White
bar represents seedlings producing calli from roots only; Stripped bar represents seedlings
producing calli from both roots and hypocotyls; Black bar represents seedlings producing calli
from roots, hypocotyls, and cotyledons. A) effect of NPA on callus production in presence of
2,4-D at 0.05 mg/l; B) effect of NPA on callus production in presence of 2,4-D at 0.25 mg/l; C)
effect of TIBA on callus production in presence of 2,4-D at 0.05 mg/l; D) effect of HFCA on
callus production in presence of 2,4-D at 0.05 mg/l; E) Effect of NPA on callus production in
presence of NAA as indicated; F) Effect of pin1, pin4, pin7 triple mutation on callus production
in the presence of 2,4-D at 0.25 mg/l.
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In the meantime, a group of very weak mutants were isolated with enhanced
response to callus production from the Salk T-DNA insertion collection based on
alternation in the organ differential response.
The results of the auxin efflux inhibitors on callus formation led the way to test if
any one of these mutations was allelic to known auxin polar transport mutants. Studies
revealed that one of the mutants was allelic to pin1 (data not shown). To further verify
these results, the callus induction phenotype of the pin1, pin4, and pin7 triple mutants
was examined (Blilou et al., 2005). As shown in Figure 3.3H and Figure 3.4, the triple
mutant produced much more calli than the control in medium with 0.25 mg/l 2, 4-D. This
result further substantiated that disruption of the auxin efflux system promoted cell
dedifferentiation and callus production.

Histochemical and fluorometric analyses of DR5:GUS reporter activities under
callus induction conditions
To understand how auxin regulates cell dedifferentiation, the expression pattern
of DR5:GUS reporter under various callus induction conditions in Arabidopsis seedlings
harboring this reporter gene was examined. It was found that the GUS stain pattern
dramatically changed in seedlings treated with 2,4-D and auxin efflux inhibitors. In 6
days old wild-type seedlings, GUS stain was observed in shoot meristem, root meristem,
the margin and vein of cotyledons, and lateral root primordia of the primary root (Figure
3.5A-I). In the three week old plants, the leaf margins and meristem tissues were heavily
stained (Figure 3.5A-II). When 10 µM of NPA was applied, the entire
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Figure 3.5 Histochemical GUS activity assay in Arabidopsis seedlings harboring
DR5:GUS reporter.
From A-I to H-I, the seedlings were six days old. From A-II to H-II, the plants were three weeks
old. Arrows point to the calli produced. The scale bar represents 1 mm on panels A-I to H-I, 5
mm on panels A-II to H-II, and 20 M on panels I to L. A-I &A-II) Control seedlings; B-I & BII) plants grown on medium with 10 M NPA; C-I & C-II) Plants grown on medium with 2,4-D
at 0.01 mg/l; D-I & D-II) Plants grown on medium with 2,4-D at 0.01 mg/l and NPA at 10 M;
E-I & E-II) Plants grown on medium with 2,4-D at 0.05 mg/l; F-I & F-II) Plants grown on
medium with 2,4-D at 0.05 mg/l and NPA at 10 M; G-I & G-II) plants grown on medium with
2,4-D at 0.25 mg/l; H-I & H-II) plants grown on medium with 2,4-D at 0.25 mg/l and NPA at 10
M. I) Root meristem squash preparation of six days old control seedlings; J) Root meristem
squash preparation of six days old seedlings treated with 0.05 mg/l 2,4-D; K) Squash preparation
of root cells in callus producing region of six days old seedlings treated with 0.05 mg/l 2,4-D; L)
Squash preparation of callus cells produced from roots of three weeks old seedlings treated with
0.05 mg/l 2,4-D.
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Figure 3.6 GUS activities of Arabidopsis seedlings and cells.
Figures A and B indicate GUS activities in seedlings revealed by liquid assay. Proteins were
extracted from six days old seedlings grown on medium with 2,4-D and NPA at concentrations as
indicated. The GUS activities were measured using the GUS Reporter Gene Activity Detection
kit (MGT, M0877). The results were the mean of three biological repeats. The error bars
represents the standard error. A and B use a different scale on Y-axis for effective display due to
the wide range of the data. C) Relative density of GUS stain in Arabidopsis root meristem, root,
and hypocotyl cells revealed by density quantification assay. Squash preparations were made
from GUS stained tissues treated with various concentrations of 2,4-D and NPA as indicated in
the graph. The cell images obtained were used to measure cellular GUS stain densities using the
density tool of PDQUEST 7.4.0 as described in the Procedures. The results were the means of at
least 30 samples. The error bars represents standard error. The white bar represents the GUS stain
density in root cells outside the meristem niche. The dark bar represents the GUS stain density of
root meristem cells. The striped bar represents the GUS stain density of hypocotyl cells.

cotyledon stained heavily and evenly in six day old seedlings, and the GUS stain in roots
had a mild increase (Figure 3.5B-I). Fluorometric quantification demonstrated that the
overall GUS activity of the seedlings increased 4.4 fold after NPA treatment (Figure
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3.6A). This result was consistent with the role of auxin efflux carrier in regulating
cellular auxin level via exporting extra auxin (Friml, 2003a). When grown to three weeks
old, the cotyledons, leaves, and root all had a significant increase in GUS stain (Figure
3.5B-II). However, only weak stain was detected in hypocotyls. Although auxin level had
increased 4.4 fold, this treatment did not induce callus production because auxin was
distributed primary in auxin insensitive cotyledons.
When seedlings were grown on medium with 0.01 mg/l of 2,4-D, which inhibited
the root elongation over 50% (data not shown), the GUS stain was slightly increased in 6
days old roots and cotyledons. The overall GUS activity of the seedling increased 1.4 fold
(Figure 3.6A). After three weeks of culture, roots and cotyledons had heavy GUS stain
but hypocotyls did not have (Figure 3.5C-I and 3.5C-II). No callus production was
observed. When 10µM NPA was added in this medium, calli were produced from roots
(Figure 3.5D-II and 3.3A). Histochemical stain revealed that GUS has significantly
accumulated across the cotyledon and root (Figure 3.5D-I and 3.5D-II). The overall GUS
activity increased 5.5 fold compared to seedlings without treatment (Figure 3.6A).
The primary root was very heavily stained across the entire root in six day
seedlings, when 0.05 mg/l 2,4-D was applied. The GUS stain in cotyledons was also
significantly increased (Figure 3.5E-I). Again, the hypocotyls were weakly stained. Since
the 2,4-D had reached cotyledons from roots, the weak stain in hypocotyls suggested that
there was a specific mechanism preventing auxin accumulation in hypocotyls. Because of
this reason, it could not be concluded that hypocotyl cells were more resistant to auxin
mediated cell dedifferentiation than roots although a higher auxin concentration was
required for callus induction from hypocotyls than from roots as revealed in Figure 3.1.
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The overall GUS activity of the seedlings increased 2.2 fold compared with the untreated
seedlings (Figure 3.6A). Calli were produced from roots after 3 weeks and the calli were
also heavily stained with GUS (Figure 3.5E-II). When 10 µM NPA was added together
with 0.05 mg/l 2,4-D, the roots, hypocotyls, and cotyledons were all heavily stained in
the 6 day old seedlings (Figure 3.5F-I). The overall GUS activity increased 23 fold
compared with the untreated GUS plants. This GUS activity was about 3.5 times the sum
of the treatments with 10 µM NPA and 0.05 mg/l 2,4-D individually (Figure 3.6A),
suggesting that the efflux system is critical in preventing auxin accumulation in the
presence of exogenous auxin. In addition, this result also demonstrated that inhibition of
auxin efflux carrier did not prevent 2,4-D uptake in root and the long distance
transportation from roots to cotyledons because much more auxin accumulated in NPA
and 2,4-D treated plants than those treated with 2,4-D only. Calli were produced in roots
and hypocotyls after three weeks of culture and the calli were also heavily stained with
GUS (Figure 3.5F-II).
When the 2,4-D increased to 0.25 mg/l, the whole seedling was heavily stained,
including hypocotyls (Figure 3.5 G-I and 3.5G-II), indicating that high level of auxin
could overcome the barrier in hypocotyl cells to accumulate auxin. The overall GUS
activity increased 72 fold compared to the untreated GUS plants. Calli had been observed
from both roots and hypocotyls in the three weeks old seedlings (Figure 3.5G-II and also
Figure 3.1A-3). When plants were treated with both 0.25 mg/l 2,4-D and10 µM of NPA,
the entire seedling was heavily stained and the veins of the cotyledon appeared to be
much thicker and darker due to high level of GUS (Figure 3.5H-I and 3.5H-II). The
overall GUS activity increased 380 fold compared with the untreated GUS plants (Figure
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3.6B), which was 5 times the sum of the treatments with 0.25 mg/l 2,4-D and 10 µM
NPA individually, further substantiating that the efflux system prevents auxin
accumulation, particularly in presence of exogenous auxin. After three weeks of culture,
the entire plant, including cotyledons, converted to calli (Figure 3.5H-II and Figure
3.3C).
In summary, exogenously applied 2,4-D increased cellular auxin level in
Arabidopsis. Inhibition of the efflux transporter system significantly promoted cellular
auxin accumulation in regions outside the meristem zone, particularly in the presence of
exogenous auxin. Inhibition of the auxin efflux system did not prevent 2,4-D uptake in
roots and transportation to the cotyledon. Hypocotyls might have a unique mechanism to
prevent auxin accumulation in the presence of low concentrations of exogenous auxin.
Tissues that produced calli always accumulated a high level of auxin before callus
production.

Quantitative comparison of cellular auxin level
Since auxin is the only requirement for cell dedifferentiation in Arabidopsis and
all tissues that produced calli had a heavy GUS stain (DR5:GUS) in early stage, a method
for quantitative comparison of auxin levels among cells was developed. The traditional
auxin measurement method could not serve this purpose due to the difficulty in excising
the interesting cells precisely and collecting sufficient tissues for assay. Since DR5:GUS
reporter activity correlated with cellular auxin level in proportion, the cellular GUS
activity would represent the auxin level, particularly when the purpose was for relative
comparison of auxin levels among cells. The PDQUEST 7.4.0 software (Bio-RAD) is
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specifically designed to quantify the protein spot density on a two-dimensional
electrophoresis gel stained with Coomassie blue and fluorescence dyes. It can provide the
local density in any selected area and provides the average density in any selected region.
It was discovered that digital photos of cells and tissues stained with GUS, fluorescence
dyes, and other dyes in a TIFF file could be analyzed by PDQUEST to obtain the local
stain intensity in any selected region, whether it was intracellular, intercellular, or the cell
itself. The background could be removed by subtractions. PDQUEST software was
adopted to quantify histochemical GUS stained cells in young seedlings. The
histochemical GUS stained root meristem, root tissues (without meristem), and
hypocotyls were excised and squash preparations were made. The microscope photos of
well separated intact cells were used for GUS stain density measurement. Four
representative squash preparation photos were shown in Figure 3.5I to 3.5L. Since every
cell can independently undergo dedifferentiation, the cells with high GUS stain density
were the focus of study because they were candidates undergoing dedifferentiation. Thus,
the average GUS density of the top twenty five cells with highest GUS stain intensity in a
sample was taken as the GUS stain density of the sample. For each treatment, thirty
samples were used and the mean of the thirty samples was presented and used for
comparison among tissues and treatment. As shown in Figure 3.6C, the 0.05 mg/l 2,4-D
treated 6 days old root tissues (excluding the meristem) had a GUS stain intensity 1.14
times of the wild-type root meristem cells (also Figure 3.5I, 3.5K, 3.5A-I, and 3.5E-I).
Under this treatment, calli were produced from roots as shown in Figure 3.1A-2. The root
cells treated with 0.01 mg/ 2,4-D or 10 mM NPA individually had GUS stain densities
below the control root meristem and no calli were produced (Figure 3.6C). In contrast,
57

the root cells treated with both 0.01 mg/l 2,4-D and 10 mM NPA had a GUS stain higher
than that of the control root meristem cells (1.25 times), and calli were produced from the
roots (Figure 3.6C, 3.5D-I, 3.5D-II, and 3.3A). Seedlings treated with 0.05 mg/l 2,4-D
and 10 mM NPA produced calli from both hypocotyls and roots (Figure 3.3B, and 3.4FII). Accordingly, the root tissue cells had a GUS stain density about 1.33 times of the
control meristem and the hypocotyl cells had a GUS stain density 1.08 times of the
control meristem (Figure 3.6C, 3.5F-I). These observations indicated that production of
calli in root (outside the meristem zone) and hypocotyls would occur when the GUS
stains in these cells were higher than those in the control root meristem cells in 6 day old
seedlings. The cellular auxin level of meristem cells represents a threshold for cell
dedifferentiation.
To investigate further the role of auxin in dedifferentiation evaluated through
GUS staining and auxin quantification, a study was carried out with Arabidopsis
DR5:GFP. The GFP studies were carried out under conditions similar to those in GUS
studies. The Figure 3.7 shows GFP expression under control and various exogenous
auxin concentrations.
Earlier results showed that higher auxin levels induce callus formation. Similarly,
in the control seedlings GFP expression is observed only in the root tip that corresponds
to root meristem.
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Figure 3.7 Quantitative comparison of GFP expression in callus derived from seeds of
Arabidopsis that were grown at different concentrations of 2,4-D under in
vitro conditions.
Error bars represent standard errors (n=10).

The presence of exogenous auxin resulted in increased concentration of
endogenous auxin at various points on the root surface that corresponds to callus cells or
dedifferentiated cells (Figure 3.8A-F). The root images were obtained from 6 days old
seedlings using confocal microscope. Auxin content in these various callus forming
regions was quantified using ImageJ software. The regions that were forming callus had
GFP concentration higher than the GFP concentrations of stem cell region in the root tip
(Figure 3.8). The callus forming regions would have resulted in lateral roots if not for the
high auxin concentration. On quantification with ImageJ software, the control treatment
had a GFP expression of 8530, while the GFP expression of the callus regions was
11420, 12710, 11273, 11545 with exogenous 2,4-D concentrations of 0.05, 0.075, 0.1 and
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0.2, respectively (Figure 3.7 and 3.8). In addition, it was observed that the excess auxin
produced in roots appears to move away from the root tip through the vascular tissue to
the callus forming regions (Figure 3.8B-E).
The tissues that expressed high DR5:GFP concentrations also showed high levels
of cyc:GUS expression. The coexpression of DR5:GFP and cyc:GUS was achieved by
using Arabidopsis transgenic seeds having DR5:GFP background and crossing them with
Arabidopsis transgenics with cyc:GUS. Figure 3.9A1-F1 show the auxin expression in
meristematic regions of root tip (Figure 3.9A1), while Figure 3.9B1-F1 show auxin
expression in callus forming regions.
The same regions when observed for cyc expression also show high
concentrations of cyc transcripts all over the callus tissue (Figure 3.9BII-FII).The figures
3.9AI-FI show the auxin expression, while Figure 3.9AII-FII show cyclin expression in
root tissue regions. In the control treatment (Figure 3.9AI and AII) the auxin and cyclin
expression is localized only to the meristematic zone of the root tip. At exogenous auxin
concentration equal to or greater than 0.025 mg L-1, an increase in DR5 expression was
observed in regions other than those of root meristem (Figure 3.9BI-FI). At these nonroot tip meristem regions DR5 expression is highly correlated with cyc expression
(compare Figures 3.9BI-FI with 3.9BII-FII) suggesting that these regions are with
actively dividing cells. The cyc expression in these non-root tip meristematic regions is
not localized, unlike that in root tip, and is widely distributed confirming that these
regions are not lateral root primordia. The shape of these tissues also suggests that these
are not lateral roots. These non-root tip meristematic regions resulted in callus.
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Figure 3.8 DR5:GFP expression in Arabidopsis transgenic seeds grown under different
concentration of 2,4-D.
The images were obtained after 6days at various concentrations as indicated below. A.
seedlings on 0 mg L-1 2,4-D; B. seedlings on 0.05 mg L-1 2,4-D; C. seedlings on 0.075
mg L-1 2,4-D; D. seedlings on 0.1 mg L-1 2,4-D; E. seedlings on 0.2 mg L-1 2,4-D. The
images were acquired using a Zeiss LSM 510 Confocal Laser Scanning Microscope (Carl
Zeiss Microimaging, Inc.). The enclosed regions with squares were used to quantify GFP
expression using ImageJ software. The arrow indicates the upward translocation of auxin.
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Figure 3.9 Histochemical assay and expression of DR5:GFP (A-I to F-I) and cyc:GUS
(A-II to F-II) Arabidopsis transgenic seeds grown under different
concentration of 2,4-D.
The images were obtained after 6 days at various concentrations as indicated below. A-1
and A-II are contole seedlings on 0 mg L-1 2,4-D; B-1 and B-II are seedlings on 0.025
mg L-1 2,4-D; C-1 and C-II are seedlings on 0.05 mg L-1 2,4-D; D-1 and D-II are
seedlings on 0.075 mg L-1 2,4-D; E-1 and E-II are seedlings on 0.1 mg L-1 2,4-D; F-1
and F-II are seedlings on 0.2 mg L-1 2,4-D; The images were acquired using a Olympus
DP71 camera attached to Olympus BX51 Fluorescent microscope.
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Molecular landmark associates with cell dedifferentiation in Arabidopsis
Plant cell dedifferentiation has been monitored by following callus formation
since its discovery over two and a half centuries ago. No molecular markers that correlate
with cell dedifferentiation are available. It is known that the dedifferentiated cells share
many common features with meristem cells and phytohormones play a critical role in
regulating cell dedifferentiation. To identify molecular markers associated with cell
dedifferentiation, the expression of twenty shoot, root, and flower meristem related genes
and particularly their homologues under various callus induction conditions was
examined. Selectively, over 30 auxin and cytokinin inducible genes under callus
induction conditions were examined. Among the over 50 genes examined, none whose
expression was exclusively in calli without expression in other plant tissues when
detected using RT-PCR was included (data not shown). However, it was found that root
meristem specific genes PLT1, PLT2 and shoot meristem specific gene WUS were always
co-expressed in calli. As shown in Figure 3.10A, WUS did not express in root and
cotyledons and the PLT1 and PLT2 did not express in cotyledons without induction.
However, these three genes co-expressed in calli induced by auxin (2,4-D) plus cytokinin
(KT), no matter the explants were roots or cotyledons (Figure 3.10A). The gene
expression level of WUS might be extremely low because it took 40 PCR cycles to detect
a band on an agarose gel using one fifth of the reaction volume.
In plant organs, co-expression of WUS, PLT1 and PLT2 can only be detected in
embryos. It has been reported that Arabidopsis is a species difficult for somatic
embryogenesis (Zuo et al., 2002). The few successful reports of somatic embryogenesis
used immature embryo or shoot-apical-tip as explants (Ikeda-Iwai et al., 2003). To verify
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Figure 3.10 Gene expression in Arabidopsis calli and organs revealed by RT-PCR.
The RNA or DNA sources are indicated on the top of each panel. The treatment of each sample is
indicated at the bottom of the panel. The name of the gene is on the left and the PCR cycle
numbers are indicated on the right. RT (+) represents template with reverse transcription and RT
(-) represents template without reverse transcription. UBQ represents the constitutively expressed
UBIQUITIN gene. A) The expression of meristem and embryo specific genes in calli and
corresponding explants. Calli (root) indicates one month old calli generated from roots. Calli
(cotyledon) indicates one month old calli generated from cotyledons. The roots and cotyledons
were from 6 days old seedlings grown under 12 hours of light and 8 hours of dark at 22 0C. B)
PLT1, PLT2, and WUSCHEL co-expression in organs under 2,4-D induction. Total RNAs were
extracted from roots and cotyledons of the seedlings treated with 2,4-D for two weeks in
concentrations as indicated at the bottom. C) Effect of auxin efflux inhibitor NPA on WUS, PLT1
and PLT2 co-expression. Total RNAs were extracted from organs excised from seedlings treated
with 2,4-D and 2,4-D plus NPA for two weeks as indicated at the bottom of the panel.
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if the co-expression of these three genes in calli was due to production of somatic
embryos - a product generated after cell dedifferentiation under specific culture, the
expression of embryo specific gene FUS3 and ABI3 were examined, whose expressions
in somatic embryos have been reported (Ikeda-Iwai et al., 2003).
As shown in Figure 3.10A, no expression of FUS3 and ABI3 was detected in roots
and calli derived from roots, suggesting that the root calli were not embryonic. The FUS3
also did not express in cotyledon and calli derived from cotyledons, indicating that
cotyledon calli were also non embryonic. However, trace amount of ABI3 expression was
detected in cotyledon as well as cotyledon derived calli. It remains to be further
investigated if the low expression of ABI3 was related to stress response (Haslekas et al.,
2003). Since co-expression of WUS, PLT1 and PLT2 in calli was detected and coexpression of embryo specific gene FUS3 was not studied, and since embryo like
structures were not observed in these tested calli under microscope (data not shown), it
was convincing that the co-expression of WUS, PLT1 and PLT2 was not due to
production of somatic embryos but a general feature of dedifferentiated cells in
Arabidopsis.
The relationship of co-expression of these three meristem genes and cellular auxin
levels was examined. As shown in Figure 3.10B, these three genes co-expressed in roots
of the seedlings treated with 0.05 mg/l 2,4-D but did not co-express when 2,4-D was at
0.03 mg/l (Figure 3.10B). In addition, co-expression of these three genes was also
detected in roots treated with 0.01 mg/l 2,4-D plus 10 µM NPA but not in root treated
with 0.01 mg/l 2,4-D only (Figure 3.10C). These results indicated that co-expression of
these three genes were correlated with cellular auxin level above the threshold for
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dedifferentiation. These three genes also co-expressed in cotyledons treated with 0.25
mg/l 2,4-D plus 10 µM NPA and with 2 mg/l 2,4-D (Figure 3.10C and 3.10B), in which
calli were produced after three weeks of induction, further substantiated the correlation of
co-expression of these three genes with the cell dedifferentiation event. Co-expression of
these three meristem genes represented a landmark for the cell dedifferentiation event in
Arabidopsis.

Effect of auxin and cytokinin on cell differentiation in vitro
Organ regeneration from callus is a process involving extensive cell
differentiation. To understand how auxin controls both cell dedifferentiation and cell
differentiation, the role of auxin in cell differentiation was investigated using an in vitro
organ regeneration system in which the cytokinin concentration was maintained as a
constant from callus induction to organ regeneration. Calli induced by auxin at 0.25 mg/l
2,4-D regenerated roots without shoots when transferred to media with 0.001 mg/l 2,4-D
as shown in Figure 3.11A. When the calli induced and grown on a medium with 0.25
mg/l 2,4-D and 0.2 mg/l KT were transferred to a medium with 0.001 mg/l 2,4-D and 0.2
mg/l KT, roots also regenerated (Figure 3.11B). However, shoot regeneration occurred
when calli induced by 0.25 mg/l 2,4-D and 2.0 mg/l KT were transferred to a medium
with 0.001 mg/l 2,4-D and 2.0 mg/l KT (Figure 3.11C). The above results indicated that
reducing auxin level was sufficient to promote organ regeneration and the corresponding
cell differentiation regardless of the cytokinin concentrations in the medium in
Arabidopsis.
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However, cytokinin content modulated the cell fate during cell differentiation.
When cytokinin was lower, the differentiation was directed to root regeneration. When
cytokinin was high, the differentiation was directed to shoot regeneration. These results
were consistent with the classical report of auxin and cytokinin ratios control the
regeneration process in plants (Skoog and Miller, 1957).

Figure 3.11 Effects of auxin and cytokinin on organ regeneration in Arabidopsis.
4 week old calli grown on callus induction medium were transferred to regeneration medium or
subcultured on the same callus induction medium as a control. The regeneration results were
recorded after 5 weeks. On the left of each panel was the subcultured control. On the right was
the sample grown on regeneration medium. A) Regeneration without exogenous cytokinin. Calli
were induced on medium with 0.25 mg/2,4-D. The regeneration medium contained 0.001 mg/l
2,4-D. B) Regeneration with a low level of exogenous cytokinin. Calli were induced on medium
with 0.25 mg/l 2,4-D and 0.2 mg/l KT. The regeneration medium contained 0.001 mg/l 2,4-D and
0.2 mg/l KT. C) Regeneration with high level of exogenous cytokinin. Calli were induced on
medium with 0.25 mg/l 2,4-D and 2.0 mg/l KT. The regeneration medium contained 0.001 mg/l
2,4-D and 2.0 mg/l KT.
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Discussion

The minimal requirements for cell dedifferentiation and differentiation in
Arabidopsis organs
In plant tissue culture, callus is usually induced from excised explants in the
presence of exogenously applied phytohormones. The application of more than one
hormone makes it very difficult to dissect the role of individual hormones. In addition,
the excision procedure introduces wound to the explants, further complicating the
research. For the purpose of defining the minimal requirement for dedifferentiation, the
hormone function on cell dedifferentiation was explored by testing hormones
individually. Results shown that application of exogenous auxin alone is sufficient to
induce cell dedifferentiation and callus production in intact Arabidopsis seedlings.
Further it was found that hypocotyls and cotyledons require application of higher auxin
concentrations for cell dedifferentiation compared with roots in the intact seedlings
(Figure 3.1). Finally, it was verified that the differential response between root and
cotyledon is due to the fact that cotyledon cells are less sensitive to 2,4-D mediated cell
dedifferentiation instead of due to low auxin level in cotyledon. Although hypocotyls
also require a higher concentration of applied auxin to induce calli, GUS histochemical
stain illustrates that auxin does not accumulate in hypocotyls when treated with lower
concentrations of 2,4-D (Figure 3.5). The hypocotyl cells also undergo cell
dedifferentiation when cellular level of auxin accumulates to a level comparable to that of
the root meristem cell of the control seedling (Figure 3.6C). Therefore, it cannot conclude
that hypocotyl cells are less sensitive to auxin mediated cell dedifferentiation.
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There are two possible explanations for the low sensitivity of cotyledon cells to
auxin mediated callus induction: 1) cotyledon cells have a terminated cells fate. They are
not endowed with developmental plasticity in plants. Thus the cells may have undergone
deeper differentiation during seed development. Consequently, cotyledon cells require a
higher auxin level to regress the cell fate. 2) Cotyledon is an auxin source in the young
seedling. Therefore the cells adapt to living in a high auxin environment as revealed in
histochemical GUS stain. Alternatively, it is also possible that both factors have
contributed to the low sensitivity of cotyledon cells to auxin mediated cell
dedifferentiation in intact seedlings. When wounding treatment is introduced into
cotyledons, however, cotyledon can easily produce calli due to either the role of
wounding signals or the existing indigenous auxin (A. Kakani and Z. Peng, unpublished
results). The callus production in response to wounds is usually related to damage repair,
which is an important response of cotyledons to stress encountered frequently.
Meanwhile, it was observed that decreasing auxin level alone is sufficient to
induce cell differentiation in Arabidopsis calli regardless of whether cytokinin is applied
or is not applied (Figure 3.11). However, the cell fate of the differentiating cell is
modulated by cytokinin level. High cytokinin lead to shoot regeneration and low
cytokinin lead to root regeneration. The result is consistent with the report of the
importance of auxin and cytokinin ratios in plant regeneration in tobacco pith cells and in
many other organisms (Skoog and Miller, 1957).
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Disruption of the auxin polar efflux system results in auxin accumulation outside
the meristem niche
The effect of the efflux inhibitors on auxin global distribution and auxin level
using the DR5:GUS as a reporter was examined. In wild-type young seedlings, DR5:GUS
activity is restricted primarily to the edge of cotyledons, shoot meristem, root meristem,
and lateral organ primordia. The GUS activity is 280 pmoles/µg/min. When the auxin
efflux inhibitor NPA is applied, intense and even GUS stain was detected in the entire
cotyledon in the early stage and in the whole plant except hypocotyl after three weeks of
treatment (Figure 3.5). The original auxin distribution pattern had been disrupted and the
overall GUS activity in the seedlings has increased 4.4 fold compared with the untreated
GUS seedlings (Figure 3.6A). These results suggest that the auxin efflux system play two
distinct roles. One is for establishing the local auxin maxima in the apical meristem and
lateral organ primordia as well reported (Friml, 2003a) and the second is in preventing
auxin accumulation in tissues outside the meristem niche. Its role in preventing auxin
accumulation has been clearly demonstrated in the presence of exogenous auxin. The
GUS activity of the seedlings double treated with 0.05 mg/l 2,4-D and 10 µM NPA was
3.5 times of sum of the plants treated with 10 µM NPA and 0.05 mg/l 2,4-D individually
(Figure 3.6A). Similarly, the GUS activity of seedlings treated with both 0.25 mg/l 2,4-D
and 10 µM NPA was 5 times the sum of the seedlings treated by 0.25 mg/l 2,4-D and 10
µM NPA individually (Figure 3.6B). These double treatment results also indicate that the
auxin efflux system is not required for 2,4-D uptake in roots and its long distance
transportation from root to cotyledon because much more auxin accumulated in
cotyledons in the presence of the auxin efflux inhibitors. How the efflux complex system
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prevents 2,4-D accumulation remains to be investigated because 2,4-D has been reported
to be a poor substrate of the efflux carrier (Delbarre et al., 1996).

Quantitative comparison of cellular auxin level using PDQuest and ImageJ software
Auxin is not evenly distributed in plants. To measure the accurate auxin
concentration in a cell undergoing cell dedifferentiation and in a meristem cell is
extremely challenging, if not impossible, using the traditional method. There is not a
reliable method to precisely excise enough cell tissues for auxin measurement. The
PDQuest software designed for proteomics was successfully adopted to measure cellular
GUS intensities of cells stained with GUS histochemically. With this approach, the study
compared the GUS levels among individual cells of different tissues. The positive
correlation between the GUS activity and auxin level makes this method reliable to reveal
the relative cellular auxin levels among cells. This method can have broad application in
quantitative comparison of histochemical assay, in-situ hybridization, and fluorescence
microscopy at cellular and subcellular level. It was determined that the minimal
requirement for root cells to produce calli is 0.05 mg/l 2,4-D. The callus producing root
cells have a cellular GUS density about 1.14 times of the control root meristem cell. In
presence of 10 µM NPA, the minimal concentration of 2,4-D is 0.01 mg/l for the roots to
produce callus, the cellular GUS stain density of the callus producing root cells is 1.25
times of control root meristem cell. The requirement for hypocotyls to produce calli is
0.05 mg/l 2,4-D plus 10 µM NPA, the corresponding cellular GUS stain density of
hypocotyl cells is 1.08 times of the control root meristem cell. The GFP quantification
results also show that auxin concentration equal to higher than in root meristematic tissue
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is needed to convert differentiated cells to their dedifferentiated state (Figure 3.7). This
increase in GFP expression was observed at 2,4-D concentration greater that 0.05 mg L-1.
These quantification results strongly suggest that the requirement for cell
dedifferentiation is that the cellular auxin level reaches or exceeds the level of the control
meristem cell. The auxin level in meristem cell represents the auxin threshold for cell
dedifferentiation.

Co-expression of DR5:GFP and cyc:GUS in Arabidopsis calli
Cyclin expression is confined to tissues with mitotic activity. (Ferreria et al.,
1994a; Hemerly et al., 1992; Hata et al., 1991; Hirt et al., 1992). In meristems, cell
division must be strictly regulated both in rate and in orientation that can lead to specific
organ such as lateral roots. The localization of cyclin transcripts in meristematic zones
suggests that transcriptional regulation of cyclins could be one of the mechanisms
controlling the rates of cell division during plant development. Cyc:GUS have been used
in earlier studies to demonstrate the role of cyclin in actively dividing meristems (Ferreira
et al., 1994b). However exogenous application of auxin, such as 2,4-D, resulted in higher
auxin concentration in these meristematic tissues (Figure 3.7). This higher concentration
of auxin resulted in continued mitotic division in the thereby disrupting the localization
of cyclin leading to callus forming regions. This increased mitotic division in the callus
forming regions as shown by cyc:GUS transcripts (Figure 3.9) is also associated with
higher concentrations of DR5:GFP, which is a further confirmation of higher auxin
concentration. This tight correlation between DR5:GFP and cyc:GUS clearly
demonstrates the role of auxin in inducing cell dedifferentiation. Earlier studies by
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Ferreira et al. (1994b) concluded that cyc1At transcriptional regulation might be one of
the rate-limiting factors for the activation of cell division in some developmental
programs. The higher auxin concentration in tissues induced by exogenous auxin
application in this study appears to up-regulate cyc1At transcript levels leading to
continued mitotic divisions and thereby resulting in callus.

The similarity and difference between apical meristem and callus cells
Cell dedifferentiation has been studied by monitoring the production of callus
since its discovery over two and a half centuries ago. Little is known of cell
dedifferentiation event at molecular level. As shown in the studies of mammalian stem
cell, a specific molecular marker associated with the cell dedifferentiation event will
significantly facilitate the studies on the molecular mechanisms underlying cell
dedifferentiation and cell totipotency. To search for molecular markers associated with
cell dedifferentiation, the expression of over 50 selected candidate genes was examined
in various induction conditions based on current literatures. None of them is exclusively
expressed in calli although some of them are induced in callus (data not shown).
Interestingly, it was found that PLT1, PLT2 and WUS co-expression is always associated
with the cell dedifferentiation event in all tested conditions, including those induced by
auxin alone, auxin plus cytokinin, and auxin plus auxin efflux inhibitor NPA. However
the expression level of WUS gene is very low because 40 PCR cycles are required to
observe a band on agarose gel using one fifth of the reaction volume. The possibility that
the co-expression of these three genes is due to the production of somatic embryos was
ruled out because embryo specific gene ABI3 and FUS3 are not co-expressed with PLT1,
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PLT2 and WUS in calli. Thus, co-expression of PLT1, PLT2 and WUS is a feature general
to dedifferentiated cells in Arabidopsis. In plants, the PLT1 and PLT2 genes are
expressed in the quiescent center and in the surrounding stem cells in root. The
expression of PLT1 and PLT2 responds to changes in auxin level and is required for
embryonic specification of the root stem cell niche. The shoot apical region of the strong
ectopic PLT2 line lacks a shoot apical meristem and branches into continuously
proliferating clusters of green structures (Aida et al., 2004). It was not tested if these
proliferating cells expressed both WUS and PLT2 although it was highly possible.
Whether these proliferating clusters posses regeneration capability as callus is also not
known. WUS mRNA is confined to a small group of cells in the internal layers of shoot
and flower meristem (Mayer et al., 1998). Transient ectopic expression of WUS induces
somatic embryogenesis in roots. The somatic embryos have been observed two weeks
following the WUS induction treatment (Zuo et al., 2002; Gallois et al., 2006). This result
suggests that transient ectopic expression of WUS is related to regaining totipotency. The
effects of stable ectopic expression of WUS and co-expression of WUS and PLTs have not
been reported in plants. While apical meristem produces only shoot or root organs, callus
is a group of cells that have the potential to regenerate a whole plant under appropriate
hormone and environmental stimuli. In addition, the shoot meristem and root meristem
have a self maintaining mechanism to keep the cell in indeterminate state and controls the
size of meristem. Calli, whose growth and development depends on the hormones and
nutrients in the medium, do not have such a self control and maintaining mechanism. It is
exciting to observe the expression of meristem genes in calli although it remains to be
further investigated how co-expression of the three meristem genes correlates with regain
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of totipotency and what factors contribute to the gene expression differences between
meristem and callus.

Auxin regulation of cell differentiation and cell dedifferentiation in plants
Observations in this study have shown that if cellular auxin level is higher than
the root meristem cell, the root and hypocotyl cell will undergo cell dedifferentiation to
produce calli in intact seedlings. At molecular, cellular auxin level above the threshold of
dedifferentiation correlates with the induction of the co-expression of the WUS, PLT1,
and PLT2 genes, a unique feature of dedifferentiated cells in Arabidopsis. The calli
generated can be maintained in a relatively undifferentiated status for a certain period of
time via subculture. On the other hand, if the calli is transferred to a medium with low
auxin, the cultured cell will undergo differentiation. Meanwhile, the results also have
demonstrated that the polar auxin efflux complex prevents cell dedifferentiation by
preventing auxin accumulation in cells outside the meristem niche, particularly in the
presence of exogenous auxin. Furthermore, it has been well established that the auxin
efflux carrier plays a critical role in the establishment and maintenance of local auxin
maximum in apical meristem and lateral organ primordium. Current observations and
current literatures lead to an interesting hypothetic model: The polar auxin efflux
complex maintain the cells outside the meristem zone in differentiated status by
preventing cellular auxin accumulation. Meanwhile, the polar auxin efflux complex
elevates auxin level in apical meristem and lateral organ primodium via polarized auxin
transportation and maintains the meristem cells in an undifferentiated status. The elevated
auxin can convert the differentiated cells to meristem cell via dedifferentiation during
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organ regeneration such as after damage (Xu et al., 2006). That specific local application
of exogenous auxin in apical regions induces organ genesis and alters the pattern of
phyllotaxis appears to be an illustration of this model (Reinhardt et al., 2003). When
exogenously applied auxin and other treatments result in cellular auxin accumulation to a
level that is at least equivalent to that of the control meristem cell, cell dedifferentiation
proceeds and callus production occurs. In addition, the DR5:GFP and cyc:GUS study also
revealed increased cyclin transcripts with cellular auxin above the threshold. This
increased cyclin transcripts lead to continued mitotic divisions. The specific auxin
threshold plays a critical role in controlling the cell fate switch between cell
differentiation and cell dedifferentiation in plants.
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CHAPTER IV
ROLE OF AUX1 IN THE CONTROL OF ORGAN IDENTITY DURING IN VITRO
ORGANOGENESIS AND IN MEDIATING TISSUE SPECIFIC AUXIN
AND CYTOKININ INTERACTION IN ARABIDOPSIS

Introduction
The interaction between auxin and cytokinin plays an essential role in a wide
range of plant growth and developmental processes. Studies on whole plants and excised
tissues have demonstrated the existence of synergistic, antagonistic, and additive
interactions of these two hormones, dependent on the plant species and tissues used
(Coenen and Lomax, 1997; Swarup et al., 2002; Hartig and Beck, 2006). Classic plant
tissue culture experiments initiated in tobacco pith tissue culture have demonstrated that
the ratio of auxin to cytokinin is critical in cell fate determination in vitro (Skoog and
Miller, 1957). Exposing callus cultures to a high auxin to cytokinin ratio promotes the
formation of roots, whereas a low auxin to cytokinin ratio results in generation of shoots.
In addition, application of these two hormones in ratios of intermediate range promotes
callus proliferation. The device of adjusting auxin to cytokinin ratio to induce the
production of calli and regulate shoot and root regeneration is now a well-established
practice for a variety of plants in both research and industry.
Another classic example of auxin and cytokinin interaction is apical dominance.
Studies have shown that auxin produced at the apex represses the outgrowth of lateral
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buds. In contrast, cytokinin applied to lateral buds promotes their release from apical
dominance. Further research has demonstrated that removal of the endogenous auxin
source via decapitation results in up to 40-fold increase of cytokinin in xylem exudates
(Bangerth, 1994; Li et al., 1995). Recent studies in Arabidopsis have shown that auxin
mediates a very rapid negative control of the cytokinin pool by mainly suppressing its
biosynthesis via the isopentenyladenosine-5˜-monophosphate independent pathway
(Nordstrom et al., 2004). In addition, auxin has been found to stimulate both oxidative
breakdown and glucosylation of active cytokinins in a tissue-dependent manner (Coenen
and Lomax, 1997). On the other hand, an increase in free IAA (active form) has been
observed both in cytokinin overproducing lines of Nicotiana glutinosa transformed with
the bacterial cytokinin biosynthesis gene ipt (isopentenyl transferase) and in maize and
pea treated with exogenously applied cytokinin (Binns et al., 1987; Bourquin and Pilet
1990; Besrtell and Eliasson, 1992). Although it remains to be proven, a putative
mechanism is cytokinin inhibition of the enzymes that conjugate free IAA (Yip and Yang
1986). Meanwhile, it has been reported that cytokinin overexpression can lead to down
regulation of the IAA pool in tobacco (Eklöf et al., 1997). The discrepancy suggests that
further studies are required in this field to gain a complete picture of the auxin–cytokinin
interaction.
The auxin and cytokinin control of cell division in undifferentiated cells presents
a good example of the synergistic interaction of these two hormones. Studies have shown
that auxin increases the expression of a CDC2 class of cyclin-dependent kinases in
tobacco pith explants. While the expression of the CDC2 like kinase is induced in
response to auxin, its catalytic activity is increased only when the explants are also
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treated with cytokinin (John et al., 1993 ! "#$%&!! ' $  ( $$ $
highly dependent on cytokinin (Soni et al., 1995)$˛  * + %"#ˆ%˛  °%!
required to activate the CDC2 kinase; therefore, the auxin and cytokinin synergistically
control the expression and activity of the CDC2 like kinase, which renders the cell
competent for cell division (Coenen and Lomax, 1997).
In contrast to synergistic control of cell division in callus, auxin and cytokinin
demonstrate antagonistic effects on the initiation of lateral root primordia. The root
primordium is derived from pericycle cells opposite the xylem poles of the root
vasculature, where auxin promotes while cytokinin inhibits cell division. It has been
shown that auxin increases the expression of CDC2 like protein in the extracts of pea
roots, but cytokinin reduces the levels of the CDC2 like kinase (John et al., 1993; Coenen
and Lomax, 1997). Compared with the observations of cell division in callus, the results
above suggest that the effect of auxin and cytokinin interaction is highly tissue specific.
Recently, Müller and Sheen reported that cytokinin and auxin interact antagonistically in
root stem-cell specification in early embryogenesis (Muller and Sheen, 2008). However,
how cytokinin and auxin interact during shoot stem-cell specification has not been
reported.
The auxin efflux and influx complexes have been shown to be essential to pattern
formation during embryogenesis and development in plants (review, De Smet and
Jurgens 2007; Lucas et al., 2008). AUX 1 is an amino acid permease-like membrane
protein initially identified via screening of auxin resistant mutants (Bennett et al., 1996).
AUX1 has been shown to act as an auxin influx facilitator. AUX1 regulates gravitropic
curvature by acting in unison with the auxin efflux carrier to co-ordinate the localized
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redistribution of auxin within the Arabidopsis root apex (Marchant et al., 1999).
Mutations in the AUX1 gene also confer resistance to ethylene and cytokinin (Timpte et
al., 1995). In addition, it has been reported that subcellular trafficking of AUX1 and PIN1
use two distinct pathways (Kleine-Vehn et al., 2006). The binding activity of AUX1 to
IAA has been extensively studied recently (Carrier et al., 2008). In addition, an
AUX1/LAX-type gene, PaLAX1 from a wild cherry tree (Prunus avium), has also been
shown to promote uptake of auxin into cells (Hoyerova et al., 2008). Enhanced auxin
uptake may result in intense auxin flow and thus connect to pattern formation.
The essential role of the interaction between auxin and cytokinin in the control of
organogenesis in vitro has been discovered over half a century. Nevertheless, the process
or mechanism mediating the interaction between auxin and cytokinin has not been
identified. This study reports the isolation, characterization, and molecular cloning of
three allelic mutants which display abnormal organ identities in response to the ratio of
auxin to cytokinin during organogenesis in vitro. Molecular cloning of the mutated genes
demonstrated that the mutation occurred within the aux1locus. The study demonstrated
that cytokinin substantially stimulated auxin accumulation in calli and specific tissues of
young seedlings and AUX1 plays an essential role in regulating cytokinin controlled
auxin elevation and redistribution in calli and the specific tissues of young seedlings.

Materials and Methods

Arabidopsis mutant screening
Arabidopsis seeds were sterilized and placed on Gamborg’s B5 medium (pH 5.7)
supplemented with 2,4-Dichlorophenoxyacetic acid (2,4-D) and Kinetin (KIN) as
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indicated in the text and 1% sucrose and 0.9% agar. After 5 days of cold treatment at 4°C,
the Petri dishes were transferred to a 22°C growth chamber for callus induction under
16 h of dim light (50 ,ˆ m-2s-2) and 8 h of dark. One-month-old calli were transferred
to regeneration media containing 0.5 mg l-1 (2.8 ,˙)..  + -3-acetic acid) and
0.5 mg l-1 (2.2 ,˙-benzyladenine (6-BA). The images of the regenerated organs were
recorded after 1 month of culture.
The isolated putative mutants were crossed with wild type. The phenotype in F1
and F2 generations were examined and recorded to test if a mutation was recessive or
dominant. Co-segregation of the phenotype with T-DNA was examined by PCR
amplification of a DNA fragment within the T-DNA. The primers used are: Primer 1: 5˜
CAACTTTATCCGCCTCC 3˜/0ˆ 12˜3 3

.

#˜

DR5:GUS and DR5:GFP transgenic lines in aux1-7 background
The Arabidopsis seeds of DR5:GUS transgenic line in wild-type background were
kindly provided by Dr. Thomas J. Guilfoyle (Ulmasov et al., 1997). The pollen from this
line was used to pollinate aux1-7 homozygous mutant ordered from the Arabidopsis
Biotechnology Research Center. F3 progeny homozygous for both aux1-7 and DR5:GUS
reporter were used for experiments. The DR5:GFP transgenic line (Ottenschlager et al.,
2003) in the aux1-7 background was generated in the same way.

IAA2:GUS, AUX1:GUS, and AUX1:AUX1-YFP transgenic lines
The IAA2:GUS transgenic lines in wild type (Ws) and aux1-100 background
(Swarup et al., 2001), the AUX1promoter:uidA GUS transgenic line (Marchant et al.,
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1999), and AUX1pro::AUX1-114-YFP transgenic line (Swarup et al., 2004) were kindly
provided by Dr. Malcolm Bennett.

Histochemical analyses of GUS activity
The histochemical stain of GUS was carried out as reported by Sessions et al.
(1999) except without sectioning. Briefly, plant materials were stained in GUS staining
solution [100 mM sodium phosphate at pH 7.0, 10 mM EDTA, 0.1% Triton X-100,
1 mM potassium ferricyanide, 1 mM potassium ferrocyanide and 1 mg ml-1 of X-Gluc
(Gold Bio Technology, Inc.)]. The samples were incubated at 37°C overnight after being
placed under a vacuum for 10 min in a desiccator. The staining solution was removed and
the tissues were cleaned by incubating with several rinses of 70% ethanol.

Microscopy
Fluorescent images were acquired using a Zeiss LSM 510 Confocal Laser
Scanning Microscope (Carl Zeiss Microimaging, Inc.) with an Inverted Zeiss Axiovert
200 M light microscope and a Plan Apochromat 5X/0.16 NA objective lens. For the
observation of YFP, an EYFP LP 530 filter set was used with Excitation and Emission
wavelengths of 514 and 530 nm, respectively. A 512 × 512-pixel Scan-Format was used
to capture the images. For GFP observation, an EGFP LP505 filter set was used with
Excitation and Emission wavelengths of 488 and 505 nm, respectively. A 512 × 512pixel Scan-Format was used to capture images. The GUS images were acquired using a
Zeiss Stemi SV11 (Apo) light microscope.
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Plant growth and phytohormone application for RNA extraction
Arabidopsis (Columbia) wild type and mutant aux1-7 seeds were plated on B5
medium for germination at 22°C under 16 h of light and 8 h of darkness. Auxin and
cytokinin treatments were initiated by submerging 12-day-old seedlings in B5 liquid
medium containing 2.2 mg l-1 (10 ,˙4-D or 3.0 mg l-1 (14 ,˙5  °2 min.
The liquid was drained and kept for 1 h at 22°C. Tissues were collected and snap frozen
with liquid nitrogen.

Total RNA isolation and cDNA synthesis
Total RNA was prepared using a RNeasy Plant Mini Kit (QIAGEN), and
quantified using a Nanodrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Inc.). Total RNA (5 ,6'%$ * $ % $!˛ +˝$ 67˝ 7!89$-Strand
Synthesis System for RT-PCR following manufacturer’s instructions (Invitrogen).

Real-Time quantitative PCR analyses
Arabidopsis auxin inducible genes IAA3 (At1g04240), IAA6 (At1g52830), IAA14
(At4g14550), and IAA17 (At1g04250) and cytokinin inducible genes ACR4 (At1g69040)
and AP2 domain-containing transcription factor (At4g23750) were used for Real-Time
PCR analysis (Himanen et al., 2004; Kiba et al., 2005). The transcript levels for these
genes were quantified using the iQ™ SYBR® Green Supermix Kit following
manufacturer’s instructions (BIO-RAD). To normalize the variations, the stably
expressed housekeeping gene Ubiquitin was used as an internal control. Gene-specific
primer pairs were designed against each gene with amplicons ranging from 72 to 128 bp
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(IAA3, F: 5˜-GGTGCACCATACTTGAGGAA-3˜:12˜- TCCCACAGAGAATTTGAACATC-3˜/)..
F: 5˜-AGGTCTAGCACTCGAGATCACA-3˜:12˜-TTCTTCTTACTCGATCCGCATA-3˜/)..ˇ4912˜AAGCAGAGGAGGCAATGAGT-3˜:12˜-TCCATGGAAACCTTCACAAA-3˜/)..ˇ˘912˜CATACCGGAAGAACGTGATG-3˜:12˜-GCTCCGTCCATTGATACCTT-3˜/. domain-

containing protein (ACR4), F: 5˜-TAACGGTCACAAGAGCTGAAGT-3˜:12˜TTGGCCTATGGTTTGTCTTATG-3˜/.0domain-containing transcription

factor, F: 5˜-

CCAGTGACGACGAAGAAGAA-3˜:12˜-CGACTCCATTTGACCACAAC-3˜/;˛<˝ 912˜GAGTCCTCAGACACCATTGACAAC-3˜:12˜-GTGCTCTCCTTCTGGATGTTGTAG-3˜). The Real-

Time quantitative PCR reactions were performed in an iCycler iQ™ Real-Time PCR
Detection System (BIO-RAD). The thermal profile was 95°C, 5 min, 1 cycle; 95°C, 10 s,
60°C, 30 s, 55 cycle. Cycle threshold (Ct) values for the PCR product growth curve were
determined based on three independent replicates for each biological sample. The
corresponding number of transcripts was deduced from individual standard curves for
each gene, based on quantification of gene-specific PCR products with Nanodrop ND1000 Spectrophotometer (NanoDrop Technologies, Inc.) in a series of dilutions.

Results

Optimizing hormone combinations for regeneration mutant screening in Arabidopsis
To identify the cellular component that regulates organ identity during
organogenesis in vitro, different hormone combinations were tested in callus induction
and organ regeneration to determine optimal conditions for mutant screening in
Arabidopsis. Callus is very sensitive to environmental stimuli in addition to hormones.
Environmental factors often have an irreversible impact on the regeneration capability.
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For example, prior exposure to stresses (Ikeda-Iwai et al., 2003) will induce
embryogenesis in Arabidopsis. Other environmental factors, such as light intensity, also
affect organ regeneration in plants (Lillo 1989). These reports suggest that reducing the
time of callus culture, thus the exposure of the cell culture to environmental factors, may
facilitate the identification of cellular component(s) mediating hormone regulation in
organogenesis. To reduce the time of cell culture, calli were directly induced with
different ratios of auxin to cytokinin and examined their effect on organ regeneration. In
addition, intact germinating seeds were used (Columbia) to induce calli to avoid
interference from wounds, which is known to affect callus formation. Since calli were
produced from roots first when intact seeds were used, only the calli generated from root
tissues were selected for regeneration studies in this report. All calli induced with
different hormones and their combinations were transferred to a common regeneration
medium for further observation of development. It was found that when a Gamberg’s B5
organic medium supplemented with 0.5 mg l-1 (2.8 ,˙)..% +2 mg l-1 (2.2 ,˙BA was used as the common organ regeneration medium (ORM1), the identities of
regenerated organs were solely determined by the hormone used in the callus induction
and the results were highly repeatable (Figure 4.1). Calli induced in a medium with
0.5 mg l-1 (2.2 ,˙4-D regenerated only roots after being transferred to the ORM1
medium (Figure 4.1). In contrast, the calli induced in media with 0.05 mg l-1 (0.22 ,˙
2,4-D plus1.0 mg l-1 (4.6 ,˙=)> mg l-1 (9.3 ,˙=)> 6

% + $ $

after being transferred to ORM1 medium (Figure 4.1). In addition, calli induced by
0.25 mg l-1 (1.1 ,˙4-D plus 2.0 mg l-1 (9.3 ,˙=)>%$ 6

% + $ $

Further, most of the calli induced in media with 0.25 mg l-1 (1.1 ,˙4-D + 0.2 mg l-1
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(0. 9 ,˙=)>/2 mg l-1 (1.1 ,˙4-D + 1.0 mg l-1 (4.6 ,˙=)>/2 mg l-1
(2.2 ,˙4-D + 0.2 mg l-1 (0. 9 ,˙=)>/2 mg l-1 (2.2 ,˙4-D + 1.0 mg l-1
(4.6 ,˙=)>% +2 mg l-1 (2.2 ,˙4-D + 2.0 mg l-1 (9.3 ,˙=)>!  ˝ +!%˝$
proliferation after being transferred to the ORM1 medium for 1 month.

Figure 4.1 Effect of callus induction hormone on organogenesis in vitro.
Sterilized Arabidopsis (Columbia) seeds were used to induce calli in callus induction
media containing 2,4-D and KIN in concentrations as indicated in the Figure. Onemonth-old calli were then transferred to the regeneration medium containing 0.5 mg l-1
IAA and 0.5 mg l-1 6-BA for organ regeneration. The image was recorded after 1 month
of regeneration induction.

These observations were consistent with the concept that a high auxin/cytokinin
ratio led to root regeneration and a low auxin/cytokinin ratio led to shoot regeneration
(Skoog and Miller, 1957). The established correlation between the hormones used for
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callus induction and culture and the identities of the regenerated organs enabled me to
carry out a mutant screening in Arabidopsis. Highly consistent results are the advantage
of this system.

Screening and characterization of mutants with an altered response to
auxin/cytokinin ratios
The genes in which mutations affect the identities of regenerated organs were of
interest, including mutants that regenerate roots in media for shoot regeneration and vice
versa. It was expected that mutants with such a phenotype were caused by disruption of
genes encoding products that confer organ identity in vitro. Since the experiments had
shown that calli produced in medium with 0.05 mg l-1 2,4-D plus 2.0 mg l-1 KIN (CM1
medium) only regenerated shoots in ORM1 medium, the original plan was to induce calli
in the CM1 medium and search for mutants that only regenerated roots after being
transferred to the ORM1 medium. The Arabidopsis T-DNA activation mutant seeds were
used for screening (Weigel et al., 2000). Among the over 50,000 seeds screened, three
plants that grew healthy roots instead of producing calli in the CM1 medium, suggesting
that the hormone concentrations used were too low for these plants. These seedlings were
transferred into soil for seed production and re-screened the produced seeds in a medium
with higher auxin (CM2 medium, 0.25 mg l-1 2,4-D and 2.0 mg l-1 KIN). Meanwhile, the
phenotype of the regenerated seeds in the CM1 medium was re-examined. The progeny
of the three plants still grew healthy roots instead of producing calli in the CM1 medium.
However, all of them produced calli in CM2, suggesting that the three plants required a
higher auxin level for callus induction (Figure 4.2a). Interestingly, the induced calli
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Figure 4.2 Phenotype of isolated mutants in callus induction and regeneration media.
a) Mutant-1 phenotype in callus induction medium CM1 (0.05 mg l-1 2,4-D and
2.0 mg l-1 KIN) and CM2 (0.25 mg l-1 2,4-D and 2.0 mg l-1 KIN). The mutant-1 and wild
type (Columbia) are indicated in the figure, respectively. Mutant-1 did not form calli in
CM1 medium but formed calli in CM2 medium (see calli formed in the root region). b)
Mutant phenotype in organ regeneration. The calli were induced in medium containing
0.25 mg l-1 2,4-D and 2.0 mg l-1 KIN (CM2) and then transferred to the regeneration
medium with 0.5 mg l-1 IAA and 0.5 mg l-1 6-BA. The phenotype was recorded after
1 month of regeneration. The wild type and mutants are indicated in the figure,
respectively. c mutant-1 regeneration response to different callus induction media.
Sterilized Arabidopsis seeds were used to induce calli in media containing 2,4-D and KIN
in concentrations as indicated in the figure. One-month-old calli were then transferred to
the regeneration medium containing 0.5 mg l-1 IAA and 0.5 mg l-1 6-BA for organ
regeneration. The organ regeneration images were recorded after 1 month of induction.
The belt-shaped organs are marked with arrow heads.
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regenerated only roots instead of shoots when transferred to ORM1 medium after
1 month of culture (Figure 4.2b). In addition, the mutant calli regenerated roots when
induced in media that resulted in callus proliferation in wild type (compare Figure 4.2
and Figure 4.2c).
Further, some belt-shaped root structures were observed in media that usually led
to root regeneration in wild type (Figure 4.2c, shown by arrows). These results suggested
that the mutant calli displayed strong root regeneration capability in media designed for
shoot regeneration and callus proliferation.
Genetic analyses found that these three mutants were allelic to each other and
recessive although they were screened using the T-DNA activation mutant seed stock,
suggesting that the gene was disrupted instead of being activated in these mutants. PCR
analyses of a T-DNA fragment in the F2 populations revealed that all three mutants cosegregated with T-DNA in over 50 mutant plants tested for each of the 3 mutants. In
contrast, T-DNA was not detected in about one-third of the wild-type plants, suggesting
that these mutants harbored only one T-DNA insertion. To further characterize these
mutants, their growth response to auxin and cytokinin was examined. The mutant seeds
were germinated in media with different concentrations of 2,4-D and KIN, respectively.
The root length of 10-day-old seedlings was measured and compared with the wild-type
control. The results showed that mutant-1 and mutant-2 were insensitive to both auxin
and cytokinin (Figure 4.3). In medium with 0.04 mg l-1 2,4-D, the root length of wildtype seedlings was about 8% of the untreated control while the root length of mutant-1
and mutant-2 was about 65 and 72% of the length of the control roots, respectively
(Figure 4.3a). When KIN concentration was higher than 1.0 mg l-1, the roots of mutant-1
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and mutant-2 seedlings were significantly longer than the wild-type roots and the
difference between wild type and mutants increased at higher KIN concentrations
(Figure 4.3b), suggesting that the mutated gene might play a role in the cytokinin
response pathway in addition to the auxin response pathway. The hormone response
curves of mutant-3 were almost identical to mutant-2; therefore, the results were not
presented.

Figure 4.3 Dose-response of the isolated mutants to 2,4-D and KIN.
The percentage of root length is shown and the root lengths without hormone treatment
were taken as 100% for the wild type and mutants, respectively. The root length was
measured when seedlings were 10 days old. The data presented is the average of 3
biological replicas with at least 30 seedlings each. The hormone treatments are indicated
in the figure. a Dose-response to 2,4-D treatment. b Dose-response to KIN treatment
curves of mutant-3 were almost identical to mutant-2; therefore, the results were not
presented.
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Molecular cloning of the mutated gene
After confirming that the mutant phenotype co-segregated with T-DNA in these
mutants, the mutated genes were cloned via plasmid rescue. A 540-bp genomic DNA
fragment of mutant-1 was rescued and sequenced after digesting the genomic DNA with
E coR I and two identical 125-bp genomic DNA fragments were rescued and sequenced
after digesting the genomic DNA of mutant-2 and mutant-3 with Spe I. The results
indicated that mutant-2 and mutant-3 were probably the progeny of the same mutant,
because the seeds obtained from ABRC were a mixture of 100 lines. DNA sequencing
analysis and Blast search indicated that the mutated sites were located within the
previously identified AUX1 gene. The T-DNAs in the mutant-1 and mutant-2/mutant-3
were inserted in the seventh exon of the AUX1 gene, about 34 amino acids apart from
each other as shown in Figure 4.4. The disruption of the AUX1 gene was consistent with
the recessive nature of these mutants. AUX1 is a putative auxin influx facilitator
localized on the plasma membrane with similarities to plant amino acid permeases
(Bennett et al., 1996). The function of AUX1 in auxin uptake, auxin binding, lateral root
development, and gravitropism has been extensively studied (Timpte et al., 1995;
Marchant et al., 1999, 2002;Swarup et al., 2001; Kleine-Vehn et al., 2006; Carrier et al.,
2008). However, the role of AUX1 in the regulation of organ regeneration in vitro and in
the control of organ identity in response to auxin/cytokinin ratio has not been addressed.
To confirm the observations, the aux1-7 mutant was used (Pickett et al., 1990) to repeat
the callus induction and organ regeneration experiments in CM1, CM2, and ORM1 media
as described in the mutant screening experiments above. The phenotype of callus
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induction and root regeneration of the aux1-7 mutant were similar to mutant-1 and
mutant-2/3 (data not shown). Since mutant-1, mutant-2/3, and aux1-7 have the same
phenotype and disrupted the same gene, the results suggested that the phenotypes
observed were due to the mutation in the AUX1 gene.

Figure 4.4 T-DNA insertion sites in isolated mutants.
The nine exons of the AUX1 gene are shown by the black bars. The T-DNA insertion
sites of mutant-1 and mutant-2/mutant-3 are marked and the corresponding amino acids
in the insertion sites are labeled. The DNA sequences in the T-DNA insertion sites are
also presented at the bottom

Cytokinin induced auxin accumulation and redistribution in calli and specific
tissues of Arabidopsis seedlings
Since low ratios of auxin/cytokinin lead to shoot regeneration and high ratios of
auxin/cytokinin lead to root regeneration, the study examined how the ratios of
auxin/cytokinin affect the expression of DR5:GUS and DR5:GFP in calli and seedlings.
The synthetic promoter DR5 is highly inducible by auxin and has an expression pattern
similar to that of the native GH3 promoter when fused with the reporter genes (Ulmasov
et al., 1997). It has been reported that the GUS reporter activity driven by the DR5
promoter correlates with direct auxin measurements in plants (Casimiro et al., 2001;
Friml et al., 2002). Therefore, the DR5:GUS and DR5:GFP reporter system is a useful
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tool in revealing cellular active auxin level in plants and has been widely used in auxin
related studies. It was surprising to find that cytokinin can substantially induce the
expression of the DR5 promoter driving reporters in calli and specific tissues of
Arabidopsis seedlings (Figures 4.5 and 4.6). The GUS level in calli induced with
0.05 mg l-1 2,4-D plus 2.0 mg l-1 KIN was substantially higher than those induced by
0.05 mg l-1 2,4-D alone in wild-type calli (Figure 4.5a, a-1, a-2). Similarly, calli induced
with 0.25 mg l-1 2,4-D plus 2 mg l-1 KIN had higher GUS expression than those induced
with 0.25 mg l-1 2,4-D alone (Figure 4.5a, a-3, a-4). In addition, the distribution pattern
of the GUS reporter had also changed. The GUS was limited to regions close to the
surface in calli induced by a low level of 2,4-D (0.05 mg l-1). When 2.0 mg l-1 KIN was
added, the GUS was distributed across the entire calli although some regions might still
have a more intense expression (Figure 4.5a, a-1, a-2). The GUS level and distribution
pattern change in calli in response to cytokinin treatments were supported by DR5:GFP
reporter activities with the same treatments, which was more clearly displayed under the
confocal microscopy (Figure 4.5b). The DR5 driving GFP reporter was sharply enriched
in many bright granule spots when 2.0 mg l-1 cytokinin was added into the medium
(Figure 4.5b, b-2, b-4). In contrast, this kind of bright granule spots were not common in
calli induced by 2,4-D alone (Figure 4.5b, b-1–b-3). The calli induced by 2,4-D plus
cytokinin grew much faster than those induced by 2,4-D alone, and the callus texture was
also different. The callus fresh weight induced with 0.05 mg l-1 2,4-D plus 2.0 mg l-1
KIN was about 2.5 ± 0.2 times higher than that induced by 0.05 mg l-1 2,4-D after
1 month of culture. The calli induced by 2,4-D alone were soft and watery. The calli
induced by 2,4-D plus high KIN were more compact and with granule features.
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It is clear that auxin elevation stimulated by KIN was different from that caused
by directly applying exogenous auxin in the medium. The differences included auxin
distribution pattern in calli and the auxin level. These observations suggested that KIN
did much more than just stimulating auxin accumulation. Because the observations were
recorded in the early stage of callus development, it was unknown if any of the callus
structures, such as the bright granule spots, were related to the shoot primordium
formation later.
The prominent role of cytokinin in the control of auxin level in calli was not
expected. To test if such a phenomenon was unique in calli, the impact of cytokinin on
auxin distribution was examined in young Arabidopsis seedlings harboring the DR5:GUS
and DR5:GFP reporter genes. As shown in Figure 4.6a, high concentration of cytokinin
stimulated DR5:GUS accumulation in root elongation zone and the junction of hypocotyl
and cotyledons in 5-day-old young seedlings (Figure 4.6a, a-1–a-4). The effect of
cytokinin on auxin accumulation in roots was more clearly displayed when young
seedlings with DR5:GFP reporter were examined using confocal microscopy
(Figure 4.6b, b-1–b-4, see regions indicated by the arrows). Meanwhile, auxin level
appeared to be reduced in cotyledons and the middle region of hypocotyls (Figure 4.6a, a1–a-4). These observations suggested that cytokinin also caused auxin redistribution and
tissue specific accumulation in young seedlings.
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Figure 4.5 Histochemical assay of DR5:GUS and DR5:GFP expression in calli of wild
type and aux1-7 mutant.
The calli were induced for a month in B5 media with hormone combinations as indicated
below. a DR5:GUS activities in response to hormone treatments in calli; a-1 to a-4 are
images of wild type. a-5 to a-8 are images of aux1-7 mutant. a-1 and a-5 tissues cultured
in B5 medium with 0.05 mg l-1 2,4-D; a-2 and a-6 tissues cultured in B5 medium with
0.05 mg l-1 2,4-D plus 2.0 mg l-1 KIN; a-3 and a-7 tissues cultured in B5 medium with
0.25 mg l-1 2,4-D; a-4 and a-8 tissues cultured in B5 medium with 0.25 mg l-1 2,4-D plus
2.0 mg l-1 KIN. b DR5:GFP activity in response to hormone treatments in calli. The
images were acquired using a Zeiss LSM 510 Confocal Laser Scanning Microscope (Carl
Zeiss Microimaging, Inc.). b-1 to b-4 are images of wild type. b-5 to b-8 are images of
aux1-7 mutant. b-1 and b-5 tissues cultured in B5 medium with 0.05 mg l-1 2,4-D; b-2
and b-6 tissues cultured in B5 medium with 0.05 mg l-1 2,4-D plus 2.0 mg l-1 KIN; b-3
and b-7 tissues cultured in B5 medium with 0.25 mg l-1 2,4-D; b-4 and b-8 tissues
cultured in B5 medium with 0.25 mg l-1 2,4-D plus 2.0 mg l-1 KIN.
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Figure 4.6 Histochemical assay of DR5:GUS and DR5:GFP response to cytokinin
treatments in seedlings.
The seedlings were germinated in B5 media supplemented with KIN in concentrations as
indicated below. The seedlings and roots were 5 days old. a DR5:GUS activities in
response to cytokinin treatments in seedlings; a-1 to a-4 are images of wild type. a-5 to
a-8 are images of aux1-7 mutant. a-1 and a-5 seedlings grown in B5 medium; a-2 and a6 seedlings grown in B5 medium with 0.2 mg l-1 KIN; a-3 and a-7 seedlings grown in B5
medium with 1.0 mg l-1 KIN; a-4 and a-8 seedlings grown in B5 medium with 2.0 mg l-1
KIN. b DR5:GFP activities in response to KIN treatments in roots. The images were
acquired using a Zeiss LSM 510 Confocal Laser Scanning Microscope (Carl Zeiss
Microimaging, Inc.). b-1 to b-4 are images of wild-type roots. b-5 to b-8 are images of
aux1-7 mutant roots. b-1 and b-5 roots cultured in B5 medium; b-2 and b-6 roots cultured
in B5 medium with 0.2 mg l-1 KIN; b-3 and b-7 roots cultured in B5 medium with
1.0 mg l-1 KIN; b-4 and b-8 roots cultured in B5 medium with 2.0 mg l-1 KIN.
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IAA2:GUS is another auxin inducible promoter driving reporter construct widely
used in auxin studies (Swarup et al., 2001). To verify that the cytokinin induced
DR5:GFP reporter accumulation in specific tissues was not a DR5 promoter specific
response but a general response of the plants to the cytokinin treatment, the IAA2:GUS
reporter expression was studied in response to cytokinin treatments in wild-type
seedlings, ecotype Ws instead of Columbia. As shown in Figure 4.7, the results were the
same as revealed by using the DR5:GUS and DR5:GFP reporters. Cytokinin had induced
auxin accumulation in root elongation zone and the junction between hypocotyl and
cotyledons, including the shoot meristem region (Figure 4.7).

Cytokinin induced auxin accumulation and redistribution is substantially reduced
in the seedlings and calli of aux1 mutant
The DR5:GUS and DR5:GFP reporters were crossed into aux1-7 mutant
background, and examined the reporters expression responses to cytokinin and auxin
treatments. As shown in Figure 4.6a, while wild-type seedlings accumulated GUS in the
root elongation zone and the junction of cotyledons and hypocotyl after being treated
with KIN, the GUS reporter accumulation in the aux1-7 mutant was substantially reduced
compared to the wild type in 5-day-old seedlings (Figure 4.6a, a-5–a-8). In addition, the
mutant roots were longer than the wild type (Figure 4.6a). The results were the same
when DR5:GFP reporter was examined (Figure 4.6b). Since the GFP samples were
examined using exactly the same condition under confocal microscopy, the intensity
shown in Figure 5b could be compared quantitatively. AUX1 mutation also affected
cytokinin stimulated auxin accumulation in calli (Figure 4.5). The aux1-7 seedlings
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treated with 0.05 mg l-1 2,4-D did not produce calli (Figure 4.5a, a-5). Instead, some
nodule like nodes could be observed along the roots and the GUS reporter was highly
expressed in the tip regions of the nodes. aux1-7 seedlings grown in medium with
0.05 mg l-1 2,4-D plus 2.0 mg l-1 KIN did not produce calli either (Figure 4.5a, a-6).
It was evident that KIN did not substantially stimulate DR5:GUS expression in
aux1-7 mutant (Figure 4.5a, compare a-6 with a-5). Studies with DR5:GFP reporter
showed the same results (Figure 4.5b, compare b-6 with b-5). When 0.25 mg l-1 2,4-D
was applied, callus clumps generated from the roots of aux1-7 seedlings. Adding
2.0 mg l-1 KIN enhanced callus formation (Figure 4.5, a-7 vs. a-8; b-7 vs. b-8). However,
the DR5:GFP reporter level appeared to be lower in aux1-7 calli than wild-type calli
grown under the same condition as shown in Figure 4.5b, which were observed using a
confocal microscopy under exactly the same condition (Figure 4.5b, b-4, b-8). The results
described above indicated that KIN stimulated auxin accumulation in calli and specific
tissues of Arabidopsis was reduced in aux1-7 mutant, suggesting a role of AUX1 in
mediating cytokinin regulated auxin redistribution and elevation.
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The seedlings (Ws) were 5 days old. The AUX1 mutant was aux1-100 (Ws). The root regions (outside the meristem zone) that
accumulated GUS reporters in response to KIN treatments are indicated with arrows. a-1 to a-4 are images of wild-type seedlings. b-1 to
b-4 are images of aux1-100 mutants. a-1 and b-1) seedlings without KIN treatment; a-2 and b-2) seedlings treated with 0.5 mg l-1 KIN; a-3
and b-3) seedlings treated with 1.0 mg l-1 KIN; a-4 and b-4) seedlings treated with 2.0 mg l-1 KIN; a-5 and b-5) seedlings treated with 3.0
mg l-1 KIN; a-6 and b-6) seedlings treated with 4.0 mg l-1 KIN.

Figure 4.7 Histochemical assay of (A) IAA1:GUS and (B) IAA2:GUS reporter activities in response to KIN treatments in
wild type and aux1 mutants.

AUX1 is highly expressed in calli
To understand how AUX1 was involved in the regulation of organ regeneration in
calli, calli were induced from the AUX1:AUX1-116-YFP transgenic line (Marchant et
al., 1999; Swarup et al., 2004) under different conditions and examined the expression of
YFP reporter using a Zeiss LSM 510 Confocal Laser Scanning Microscope. As shown in
Figure 4.8, the AUX1 promoter driving AUX1-116-YFP expressed in calli induced by
0.05 mg l-1 2,4-D and 0.25 mg l-1 2,4-D, respectively. When 2.0 mg KIN was added, the
AUX1-YFP distribution pattern switched to structures like small granules instead of
smooth distribution, which was probably due to the structure and texture change of calli
(Figure 4.8c, d). Since the calli were examined in the callus induction stage, it was
unknown if there was a correlation between YFP pattern and the primordia of the
regenerating organs. AUX1 is highly expressed within the shoot apical meristem and
primary root tip in plants (Bennett et al., 1996; Marchant et al., 1999; Swarup et al.,
2004). It remains to be tested if the high expression of the AUX1 in calli is associated
with de novo apical meristem formation.
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Figure 4.8 Image of AUX1 promoter driving YFP in calli induced with different
hormones.
The YFP images are acquired using a Zeiss LSM 510 Confocal Laser Scanning
Microscope. The calli (Columbia) harboring an AUX1:AUX1-116-YFP reporter
construct were induced in B5 medium for 1 month with hormones indicated below. a
calli induced with 0.05 mg l-1 2,4-D; b calli induced with 0.25 mg l-1 2,4-D; c calli
induced with 0.05 mg l-1 2,4-D plus 2.0 mg l-1 KIN; d calli induced with 0.25 mg l-1 2,4D plus 2.0 mg l-1 KIN.
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Cytokinin treatment induces the expression of auxin inducible genes
The results above had indicated that cytokinin treatment resulted in auxin
accumulation in specific tissues in plants, including calli. To investigate how the auxin
and cytokinin pathways interact with each other, the expression of selected auxin and
cytokinin inducible genes was evaluated using Real-Time PCR under auxin and cytokinin
treatments, respectively.
As shown in Figure 4.9, auxin inducible genes IAA3, IAA6, IAA14, and IAA 17
were induced by the application of 2.0 mg l-1 KIN in both wild type and aux1-7.
However, the induction levels of these genes in aux1-7 mutant were lower than in the
wild type in all treatments except for the expression of the IAA3, whose expression in
aux1-7 was slightly higher than wild type. In addition, the induction of cytokinin
inducible genes ACR4 (At1g69040) and AP2 (At4g23750) (Rashotte et al., 2003; Kiba et
al., 2005) by cytokinin were substantially reduced in the aux1-7 mutant. These
observations suggested that the cross-regulation between auxin and cytokinin in gene
expression was partially disrupted in the aux1-7 mutant and the aux1-7 mutation
disturbed the response of the mutant to cytokinin as well.
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Figure 4.9 Gene expression in response to auxin and cytokinin treatments in aux1-7
mutant revealed by Real-Time PCR.
The 12-day-old seedlings were used for auxin and cytokinin treatment, respectively. The
seedlings were submerged in hormone solution for 5 min and incubated for another hour.
The 2,4-D concentration was 2.2 mg l-1 (~10 ,˙% +=)>! ! % '%$# mg l-1
(~15 ,˙:>.$%ˆ $ (%! +' :> %$0% ˙ = ?).3@>'  ˝$ +°
cDNA synthesis and Real-Time PCR. Ubiquitin gene was included as an internal control
and used to normalize the gene expression level. The relative expression level of
ubiquitin gene was assigned as 1,000 units in all the treatments. The gene identities and
hormone treatments are indicated in each graph. The gene expression level in wild type is
represented by the white bar and in aux1-7 is represented by the black bar.
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Discussion

Establishing a procedure for screening organ identity mutants in response to the
ratio of auxin to cytokinin in organogenesis
Classic plant tissue culture experiments have shown that the ratio of auxin to
cytokinin determines the organ identity during organ regeneration (Skoog and Miller
1957). While low auxin to cytokinin ratio leads to shoot development, high auxin to
cytokinin ratio leads to root development. The particular ratio requirements for shoot and
root developments are species and ecotype dependent. Although it has been widely
accepted that the ratio of auxin to cytokinin plays a critical role in determining organ
identity during organ regeneration, no cellular components that control organ identity in
response to the ratio of auxin to cytokinin during organogenesis have been identified.
Meanwhile, it has also been reported that many environmental factors, including light,
osmotic stress, etc., irreversibly change the cell fate of cells in culture thus regulating the
frequency and pattern of regeneration, (Lillo, 1989; Ikeda-Iwai et al., 2003). In order to
identify mutants which are truly involved in hormone regulation of organogenesis instead
of environmental effect, a mutant screening procedure was designed in which the cell
fates of the cultured cells were determined in the very early stage of cell culture. In
addition, the induced calli were transferred to a common regeneration medium for further
observation of organ development and for comparison. One advantage of this method is
that the impact of environmental factors on organogenesis has been minimized due to the
short cell culture time. Therefore, the identities of the regenerating organs are highly
repeatable for every hormone concentration used. Using this approach, AUX1 was
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isolated as a cellular component regulating organ identity of in vitro regeneration. The
calli of aux1 mutant, induced with 0.25 mg l-1 2,4-D plus 2.0 mg l-1 KIN, regenerate
roots instead of shoots. In addition, some belt like abnormal root structures have been
observed when cultured in media optimized for root regeneration (Figure 4.2c),
suggesting that mutations in this gene lead to organ identity change during regeneration.
When calli were induced in a medium with very high concentrations of cytokinin, for
example, a medium containing 3.0 mg l-1 KIN and 0.25 mg l-1 2,4-D, about 2–10% of the
mutant calli produced shoots while the rest still regenerated roots or stayed as calli (data
not shown), suggesting that probably other cellular components are also involved in
determining the organ identity when the ratio of auxin to cytokinin is extremely low in
Arabidopsis. Further characterizing might lead to more mutants and expect more genes to
be identified. These results indicate that the approach used here can be effectively used to
identify cellular components regulating organ identity in organogenesis.

Shoot regeneration is associated with auxin elevation in calli
It was observed that cytokinin substantially stimulates auxin elevation in calli and
specific tissues in Arabidopsis seedlings, including the root elongation zone, the junction
of hypocotyl and cotyledons, and probably the meristem region in 5-day-old seedlings
(Figures 4.5, 4.6, and 4.7). The fact that an increase of cytokinin concentration in medium
causes elevation of cellular auxin level in calli suggests that regeneration of shoot, which
requires high cytokinin, is associated with a high auxin level instead of a low auxin level.
This observation fits well with the fact that auxin is highly elevated in shoot meristem
tissues. Since root regeneration is associated with high auxin/cytokinin ratio and shoot
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regeneration associates with low auxin/cytokinin ratio, it is generally believed that high
auxin is required for root regeneration but not for shoot regeneration. The results suggest
that high auxin is also associated with shoot regeneration. However, it is clear that the
auxin elevation caused by cytokinin is different from that resulting from direct
administration of exogenous auxin in both auxin distribution pattern and auxin level as
revealed by reporters driven by auxin responsive promoters (Figures 4.5, 4.6, and 4.7). In
addition, the callus texture and growth rate are also different between calli grown in
media with and without KIN. These observations suggest that cytokinin does more than
just stimulating auxin accumulation in calli, the other functions may be critical for
specifying the shoot identity.

Tissue specific interaction between auxin and cytokinin in Arabidopsis seedling
Auxin and cytokinin are two major plant hormones whose complex interaction
has been reported in various aspects of plant growth and development. The interaction
can be synergistic, antagonistic, or additive depending on the type of tissues,
developmental stages, and plant species (Coenen and Lomax 1998). Coenen and Lomax
(1997) have identified a tomato mutant (diageotropica, dgt) whose roots are resistant to
both auxin and cytokinin but the shoot growth and hypocotyl elongation are sensitive to
cytokinin. In addition, organ regeneration from the calli derived from dgt hypocotyls
show reduced sensitivity to auxin but normal sensitivity to cytokinin. These results
suggest that plant root and shoot tissues can respond to cytokinin with separate signaling
pathways. Several studies have reported the mutual control of auxin and cytokinin
abundance and generated controversial conclusions. Nordstrom et al. (2004) found that
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auxin mediates a very rapid negative control of the cytokinin pool by mainly suppressing
the biosynthesis of the isopentenyladenosine-5˜-monophosphate independent pathway.
On the other hand, the effect of cytokinin overproduction on the auxin pool was slower.
An increase of auxin level has been reported after administration of exogenous cytokinin
or elevating the cytokinin by overexpression of the bacterial ipt gene (Binns et al., 1987;
Bourquin and Pilet 1990; Besrtell and Eliasson 1992). Meanwhile, it has been reported
that cytokinin overexpression has led to down regulation of IAA pool in tobacco (Eklöf et
al., 1997).
Using the DR5:GFP, DR5:GUS and IAA2:GUS reporters, a tissue specific
response of auxin was demonstrated to applied exogenous cytokinin in Arabidopsis
young seedlings. While cytokinin stimulates auxin accumulation in the root elongation
zone, the junction between hypocotyl and cotyledons, and the shoot meristem (shown in
Figure 4.7), the auxin level appeared to be decreased in cotyledon blade, middle region of
the hypocotyl, and the root meristem (shown in Figure 4.6b). It will be very interesting to
test whether cytokinin stimulate de novo shoot regeneration in vitro via enhancing local
auxin flow and accumulation in regions that form shoot meristem.
The Real-Time PCR analyses of gene expression demonstrated that auxin
inducible genes IAA3, IAA14, IAA17, and IAA6 are significantly induced by the
application of exogenous cytokinin and the gene expression level is reduced in the aux1
mutants compared with the expression in wild type except the IAA3 gene. Meanwhile,
cytokinin inducible gene ACR4 (At1g69040) and AP2 (At4g23750) are slightly inhibited
by auxin in wild type but not in the aux1-7 mutant (Figure 4.9). These results suggest a
multifaceted interaction of these two hormones at a molecular level and AUX1 is critical
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to the multifaceted interaction. Consistent with current observation, cytokinin induction
of IAA3 and IAA17 expression has also been observed in DNA oligo array studies in
Arabidopsis (Che et al., 2002; Rashotte et al., 2003).

Possible role of AUX1 in organ identity control in organogenesis
AUX1 has been identified as an auxin influx facilitator localized on the plasma
membrane with similarities to plant amino acid permeases (Bennett et al., 1996). The
function of AUX1 in auxin uptake has been well documented (Marchant et al., 1999).
Although the aux1-7 mutant has been shown to be resistant to auxin, ethylene, and
cytokinin (Timpte et al., 1995), there is no specific report on the role of AUX1 in organ
identity control during organogenesis in vitro. In addition, there is no report on the role of
AUX1 in mediating the interplay between cytokinin and auxin pathways.
The AUX1 gene was identified using a forward genetic approach, while searching
for mutants with abnormal response to the auxin to cytokinin ratio in regeneration. The
study also found that the aux1 mutants were insensitive to both auxin and cytokinin.
When calli were induced, the mutant calli did not regenerate shoots in media with a low
ratio of auxin to cytokinin, in which the wild-type control only regenerates shoots. It was
further demonstrated that mutation in AUX1 gene reduced auxin accumulation stimulated
by cytokinin in the root elongation zone, calli and also in the shoot meristem region of
young seedlings (Figures 4.5, 4.6 and 4.7). In addition, results showed that AUX1:AUX1116-YFP was highly expressed in calli and the YFP expression pattern was similar to the
DR5:GFP distribution pattern in calli (please compare Figure 4.8 to Figure 4.5). Since
cytokinin stimulates auxin accumulation in calli and the accumulation is substantially
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reduced in aux1 mutants, it clearly suggests that AUX1 plays a role in mediating
cytokinin regulated auxin accumulation and redistribution in calli either directly or
indirectly. Ozawa et al. (1998) proposes that callus has a root competent stage and a
shoot competent stage. The shoot competent stage is on top of the root competent stage.
Cells which have lost the competency of shoot regeneration can still regenerate roots,
suggesting that shoot regeneration requires additional components or pathways. AUX1
might be one of the components that controls shoot regeneration via regulating cytokinin
induced auxin accumulation and redistribution, which relates to auxin flow and
patterning.
A mutant screening procedure was established to identify cellular components
that regulate organogenesis in response to auxin to cytokinin ratio in Arabidopsis. The
aux1 mutant identified using this method promotes root regeneration in media that
usually lead to shoot regeneration. In addition, it was found that high cytokinin promotes
auxin accumulation in several specific tissues in young seedlings and calli via an AUX1
dependent pathway. Results suggest that shoot regeneration is associated with auxin
accumulation in calli and this observation is consistent with the fact that shoot meristem
cells contain a high level of auxin.
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CHAPTER V
AUXIN INTERACTS WITH CYTOKININ BY TISSUE SPECIFIC MODULATION OF
ARR5 AND ARR6 EXPRESSION

Introduction
The interplay between auxin and cytokinin is essential for plant growth and
development. Their interactions includes synergistic, antagonistic and additive, pending
on plant species and tissues (Coenen and Lomax 1997; Hartig and Beck 2006; Swarup et
al. 2002).
Apical dominance is a classic example of auxin and cytokinin interaction. While
auxin produced at the apex represses the outgrowth of lateral buds, cytokinin applied to
lateral buds promotes the release of lateral buds from apical dominance. It has been
shown that removal of the endogenous auxin source via decapitation leads to up to 40
fold increase of cytokinin in xylem exudates (Bangerth 1994; Li et al . 1995). Recent
studies in Arabidopsis demonstrate that auxin mediates a very rapid negative control of
the cytokinin pool by mainly suppressing its biosynthesis via the isopentenyladenosine5'-monophosphate- independent pathway (Nordstrom et al., 2004). In addition, auxin has
been found to stimulate both oxidative breakdown and glucosylation of active cytokinins
in a tissue-dependent manner (Coenen and Lomax 1997). On the other hand, an increase
in free IAA (active form) has been observed both in cytokinin overproducing lines of
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Nicotiana glutinosa transformed with the bacterial cytokinin biosynthesis gene ipt
(isopentenyl transferase) and in maize and pea treated with exogenously applied
cytokinin (Besrtell and Eliasson, 1992; Binns et al., 1987; Bourquin and Pilet, 1990),
probably via cytokinin inhibition of enzymes that conjugate free IAA (Yip and Yang,
1986). Meanwhile, it has also been reported that cytokinin overexpression lead to down
regulation of the IAA pool in tobacco (Eklöf et al., 1997). The discrepancy among
different studies suggests that further investigations are required for a complete picture of
the auxin-cytokinin interaction.
The auxin and cytokinin control of cell division in undifferentiated cells presents
a good example of synergistic interaction of the two. Studies have shown that auxin
increases the expression of a CDC2 class of cyclin-dependent kinases in tobacco pith
explants. While the expression of the CDC2 like kinase is induced in response to auxin,
its catalytic activity is increased only when the explants are also treated with cytokinin
(John et al., 1993). Cyclin "3 is a D cyclin whose expression is highly dependent on
cytokinin (Soni et al., 1995). It is believed that "3 may be the factor required to activate
the CDC2 kinase. Therefore, the auxin and cytokinin synergistically control the
expression and activity of the CDC2 like kinase, which renders the cell competent for cell
division (review, Coenen and Lomax, 1997). Kakani et al (2009) recently find that
exogenous cytokinin can induce tissue specific up and down regulation of auxin in
Arabidopsis. While auxin levels are reduced by exogenous cytokinin in cotyledons, auxin
is elevated by exogenous cytokinin in roots and calli. More interestingly, they find that
AUX1 plays a critical role in mediating cytokinin stimulated auxin accumulation in
young roots and calli. Müller and Sheen reported that cytokinin and auxin interact
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antagonistically in root stem-cell specification in early embryogenesis (Müller and Sheen,
2008). However, how cytokinin and auxin interact during shoot stem cell specification
was not reported.
Both the auxin and cytokinin signaling pathways involve highly complicated
networks that contain a large number of genes. The cytokinin signaling is perceived via a
phosphorelay that is similar to the two-component systems used by bacteria for sensing
and responding to environmental stimuli (recent review, To and Kieber, 2008; Müller and
Sheen, 2007). The pathway involves hybrid histidine protein kinases (AHK2, AHK3, and
CRE1/WOL/AHK4) as receptors, histine phophotransfer proteins (AHPs), and nuclear
response regulators (type A–ARRs and type B-ARRs). There are ten type-A ARR
proteins (ARR3-ARR9 and ARR15-ARR17) and 11 type-B ARR proteins (ARR1,
ARR2, ARR10-ARR14, and ARR18-ARR21) in Arabidopsis. The typeA-ARRs were
originally identified as cytokinin induced genes (review, To and Kieber, 2008). At least
eight of the ten type-A ARRs are negative regulators of cytokinin signaling with
overlapping function. Both gene redundancy and tissue-specific roles has been observed
among type-A ARRs in cytokinin response (Salomé et al., 2005; To et al., 2004;
Leibfried et al., 2005). ARR5 and ARR6 share highest homology with each other when
compared with other members in the same gene family (To et al., 2004). ARR5
expression was found in the root and shoot meristems in the absence of exogenous
cytokinin (D’Agostino et al., 2000). In the presence of exogenous cytokinin, the
ARR5:GUS expression region was enlarged to include tissues around the shoot
meristematic region in the shoot and all tissues in the roots, from the hypocotyl-root 5
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junction through the root tip. ARR6:GUS expression was detected in the shoot
meristematic region and cotyledon vasculature in young seedlings (To et al., 2004).
Cytokinin treatment resulted in overall higher level expression of ARR6:GUS,
including tissues in hypocotyl and root except the root tip (To et al., 2004). Although the
essential role of the interplay between auxin and cytokinin in plant growth and
development has been well documented, little is known of the underlying molecular
mechanisms. Most of the reported studies limited to how the auxin and cytokinin levels
modulated each other in plants and specific tissues. Individual genes that are involved in
the interaction of the two remain to be investigated. The study also found that the
cytokinin induction of ARR5 and ARR6 expression is subjected to the regulation of
auxin tissue and gene specifically. The distinguished auxin regulatory patterns of these
two highly homologous genes provide novel insights into the mechanisms underlying
auxin and cytokinin interactions.

Materials and Methods

Arabidopsis growth and callus induction
Arabidopsis seeds were sterilized and placed on Gamborg’s B5 medium (pH5.7)
supplemented with 1% sucrose, 0.9% agar, and 2,4-D (2,4-Dichlorophenoxyacetic acid)
and KT (Kinetin) as indicated in the text. After 5 days of cold treatment at 4oC, the
Petridishes were transferred to a 22 oC growth chamber for seed germination or callus
induction under 16 hrs of light and 8 hrs of dark. The light intensity was 150 µmol m- 2
sec-2 for germination and 50 µmol m-2sec-2 for callus induction.
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ARR5:GUS and ARR6:GUS transgenic lines
The Arabidopsis (Columbia) seeds of ARR5:GUS and ARR6:GUS lines were
ordered from Arabidopsis Biological Research Center (ABRC) at the Ohio State
University (To et al., 2004).

Histochemical analyses of GUS activities
The histochemical stain of GUS was carried out as reported by Sessions et al
(Sessions et al., 1999) except without sectioning. Briefly, plant materials were stained in
GUS staining solution (100 mM Sodium Phosphate at pH 7.0, 10 mM EDTA, 0.1%
Triton X-100, 1 mM potassium ferricyanide, 1 mM potassium ferrocyanide and 1 mg/mL
6 of X-Gluc [Gold Bio Technology, Inc]). The samples were incubated at 37°C overnight
after being placed under a vacuum for 10 min in a dessicator. The staining solution was
removed and the tissues were cleaned by incubating with several changes of 70% ethanol.
The GUS images are acquired using a Zeiss Stemi SV11 (Apo) light Microscope.

Results and Discussions

Cytokinin induction of ARR5 and ARR6 expression subjected to auxin regulation
with distinguished tissue and gene specificity
In previous studies, it was found that cytokinin can induce auxin redistribution in
young seedlings and calli and AUX1 plays an essential role in cytokinin induced auxin
accumulation in root elongation zone and other tissues including calli (Kakani et al.,
2009). To examine how individual genes in cytokinin signaling pathways interact with
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auxin, the expression of ARR5 and ARR6 was examined, which are highly inducible by
cytokinin, in the presence auxin. As reported (D’Agostino et al., 2000), ARR5 expression
was found in the root and shoot meristems in wildtype seedlings (Figure 5.1a).

Figure 5.1 Histochemical assay of ARR5:GUS expression in response to cytokinin and
auxin induction.
The seedlings were germinated in B5 media supplemented with KT and 2,4-D in
concentrations as indicated below. The seedlings were five days old. a) controle seedling;
b) Seedling grown in medium with 0.2mg/l KT; c) Seedling grown in medium with
0.2mg/l KT and 0.05mg/l 2,4-D. d) Seedling grown in medium with 0.2mg/l KT and
0.25mg/l 2,4-D; e) Seedling grown in medium with 0.2mg/l KT and 1.0 mg/l 2,4-D; f)
Seedling grown in medium with 0.2mg/l KT and 2,0mg/l 2,4-D.

In the presence of 0.2 mg/l KT, the ARR5:GUS expression was highly induced in
roots, from the hypocotyl-root junction through the root tip, and regions surrounding the
shoot apical meristem (Figure 5.2b). When auxin (2,4-D) was also applied, the
ARR5:GUS expression in roots were strongly enhanced from the hypocotyl-root junction
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to root tip (Figure 5.2c to 5.2f). In contrast, ARR5:GUS expression in cotyledons, shoot
apical meristem, and hypocotyls were suppressed. When auxin concentration increased to
2.0mg/l, the ARR5:GUS expression was completely shut off in cotyledons and shoot
apical meristem regions. Interestingly, auxin regulation of ARR6 was extremely
different. In controle seedlings, ARR6:GUS expression was detected in the shoot apical
meristematic region and cotyledon vasculature (Figure 5.2a). Cytokinin treatment
resulted in overall higher level expression of ARR6:GUS, particularly in hypocotyls and
roots, except the root tip region as reported previously(Figure 5.2b; To et al., 2004).
When low auxin (0.05mg/l and 0.25 mg/l 2,4-D) was applied, ARR6:GUS
expression is strongly induced in cotyledons, shoot apical meristem region, and
hypocotyls. Meanwhile, the expression in roots was suppressed starting from the
elongation zone. With the increase of 2,4-D, the suppressed region extended to hypocotyl
region and root tip in both directions. When 2,4-D reached 2.0mg/l, ARR6:GUS was
expressed only in cotyledons. The expression in other tissues was almost completely
suppressed.
When the ARR6:GUS and ARR5:GUS expression patterns were compared
(compare Figure 5.1 with Figure 5.2), it was clear that the expression of ARR5:GUS and
ARR6:GUS followed a reversed pattern with the increase of auxin, suggesting a tissue
specific regulation and tissue specific role of these two genes in the interplay with auxin.
While examining the mutant phenotype in Arabidopsis (To et al., 2004), it was observed
that the reduced rosette size of arr5 mutant was not enhanced by the mutation of arr6
although these two genes are highly homologous and have a high level of spatial
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Figure 5.2 Histochemical assay of ARR6:GUS expression in response to cytokinin and
auxin induction.
The seedlings were germinated in B5 media supplemented with KT and 2,4-D in
concentrations as indicated below. The seedlings were five days old. a) controle seedling;
b) Seedling grown in medium with 0.2mg/l KT; c) Seedling grown in medium with
0.2mg/l KT and 0.05mg/l 2,4-D. d) Seedling grown in medium with 0.2mg/l KT and
0.25mg/l 2,4-D; e) Seedling grown in medium with 0.2mg/l KT and 1.0 mg/l 2,4-D; f)
Seedling grown in medium with 0.2mg/l KT and 2,0mg/l 2,4-D.

overlapping in gene expression, such as in cotyledons and hypocotyls in the wildtype
seedlings (Figures 5.1a and 5.2a), suggesting a different biological role of these two
genes in development. Given that ARR5 and ARR6 negatively regulate cytokinin
response, observations suggest that auxin suppress the cytokinin stimuli in plants via
tissue specific induction of the negative regulators in the cytokinin signaling pathway.

Auxin regulation of ARR5 and ARR6 expression in calli
In plant cell culture, the auxin/cytokinin ratio is critical in the cell fate
determination (Skoog and Miller 1957). Exposing cell cultures to a high auxin-to
cytokinin ratio promotes the formation of roots, whereas a low auxin-to-cytokinin ratio
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results in generation of shoots. In addition, application of these two hormones in ratios of
intermediate range promotes callus proliferation. It is also observed that the ratio of
auxin/cytokinin in callus induction media is as critical as in the regeneration media in
Arabidopsis (Kakani et al., 2009). To facilitate the understanding of auxin and cytokinin
interaction in calli, the expression of ARR5:GUS and ARR6:GUS was examined in calli
induced with different auxin/cytokinin ratios from germinating seeds. ARR5:GUS was
highly expressed in calli (Figure 5.3). Although some tissues, derived from cotyledons,
did not express ARR5 initially, ARR5:GUS become highly expressed across the entire
callus after eight weeks of culture. In contrast, the expression of ARR6:GUS in calli was
low(Figure 5.4).

Figure 5.3 Histochemical assay of ARR5:GUS expression in calli.
The calli were induced in B5 media supplemented with KT and 2,4-D in concentrations
as indicated below. a) Four weeks old calli induced by 0.2 mg/l KT and 0.05mg/l 2.4-D;
b) Four weeks old calli induced by 0.2 mg/l KT and 0.25mg/l 2.4-D; c) Four weeks old
calli induced by 0.2 mg/l KT and 1.0 mg/l 2,4-D; d) Four weeks old calli induced by
0.2mg/l KT and 2.0 mg/l 2,4-D; e) Six weeks old calli induced by 0.2mg/l KT and 2.0
mg/l 2,4-D; f) Eight weeks old calli induced by 0.2mg/l KT and 2.0 mg/l 2,4-D.
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Figure 5.4 Histochemical assay of ARR6:GUS expression in calli.
The calli were induced in B5 media supplemented with KT and 2,4-D in concentrations
as indicated below. a) Four weeks old calli induced by 0.2 mg/l KT and 0.05mg/l 2.4-D;
b) Four weeks old calli induced by 0.2 mg/l KT and 0.25mg/l 2.4-D; c) Four weeks old
calli induced by 0.2 mg/l KT and 1.0 mg/l 2,4-D; d) Four weeks old calli induced by
0.2mg/l KT and 2.0 mg/l 2,4-D; e) Six weeks old calli induced by 0.2mg/l KT and 2.0
mg/l 2,4-D; f) Eight weeks old calli induced by 0.2mg/l KT and 2.0 mg/l 2,4-D.

Although small portion of the tissues, derived from cotyledons initially, expressed
ARR6:GUS initially, the GUS expression substantially decreased with time. After eight
weeks, the ARR6:GUS expression was barely detected in the calli. Results suggest that
ARR5 is highly expressed and ARR6 is silenced in calli.
In conclusion the interaction of auxin and cytokinin is essential to plant growth
and development. However, the molecular mechanisms underlying the interaction are still
poorly understood. The study shows that AUX1 plays a critical role in mediating
cytokinin induced auxin elevation in root elongation zone and calli recently (Kakani et
al., 2009). The results reported here suggest that auxin interact with the cytokinin
pathway by directly up and down regulating the expression of the negative regulators in
the cytokinin signaling pathway with distinguished gene and tissue specific patterns.
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CHAPTER VI
SUMMARY
Plants grow and form new organs throughout their life cycle, while integrating
developmental and environmental cues. All postembryonically formed organs and tissues
are derived from pluripotent stem cells that reside in the growing tips of the plant, the
shoot meristem and root meristem. Stem cells function as a reserve of undifferentiated
cells to replace organs and sustain postembryonic plant growth. To maintain meristem
function, stem cells have to generate new cells at a rate similar to that of cells leaving the
meristem and differentiating, thus achieving a balance between cell division and cell
differentiation. Cellular differentiation is a process by which cells acquire specialization.
During this process the morphology of a cell changes dramatically in numerous aspects
such as size, shape, polarity, metabolic activity etc., but the genetic material remains the
same, with few exceptions like epigenetic modifications. This acquired or assigned cell
fate is memorized in subsequent growth and cell divisions. So, the stability of
differentiation is a corner stone for the normal development. During the normal
development, cells don’t loose their assigned specific memory and retain the plasticity.
But under some circumstances like wounding damage repair the cell fate memory of a
differentiated cell is erased, leading to regain the cell division and morphogenetic
potential of stem cells.
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The dedifferentiation potential of mature plant cells can be replicated under in
vitro culture conditions leading to new organs. Two phases, dedifferentiation and
redifferentiation, are commonly characterized during in vitro organogenesis. In these
processes, cells undergo fate switch several times regulated by both extrinsic and intrinsic
factors, which are associated with reentry to the cell cycle, the balance between
euchromatin and heterochromatin, reprogramming of gene expression, and so forth. Since
they have this capability, living cells with intact nuclei from any part of the plant
(explants) upon application of hormones can undergo dedifferentiation and result in
undifferentiated cell mass called callus. The callus cells are totipotent when induced and
cutured under appropriate conditions. Any part of the plant or a complete plant can be
regenerated from the callus. Although cell dedifferentiation has been known for over two
and a half centuries in plants, it is still obscure at the molecular level as to what the
changes are in the genome and how it is reprogrammed in such a short period of time. No
markers are available to specifically verify the cell dedifferentiation event at the
molecular level. Also unknown are the minimal requirements for cell dedifferentiation.
In order to understand the molecular mechanism of cell dedifferentiation and to
identify the key factors involved during this process, experiments were conducted to
evaluate the role of auxin alone in inducing cell dedifferentiation in Arabidopsis. Intact
germinating seeds were used to grow the callus to avoid the interference from wounding.
The effect of auxin on callus production was studied using different concentrations of
2,4-D (2,4-Dichlorophenoxyacetic acid) or NAA (Naphthalene Acetic Acid) in the
Gamborg’s B5 medium. Along with those auxin efflux inhibitors like NPA, HFCA and
TIBA were used to evaluate the role of auxin efflux transporter system in
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dediffrentiation. Auxin responsive promoter DR5 (DR5:GUS and DR5:GFP) was used to
check the Arabidopsis GUS and GFP activities which correlates with the endogenous
auxin content. GUS activity was analyzed both quantitatively and qualitatively by
fluorometry and histochemical assays accordingly. Fluorometric measurements were
taken using Hoefer TKO 100 fluorometer. As the traditional auxin measurement method
could not give quantitative comparison of auxin levels among cells, cellular GUS
intensities were measured using PDQUEST software. The software was used to quantify
histochemical GUS stained cells. The histochemical Gus assay allows the visualization of
expression by producing blue colored ClBr-Indigo in specific cell and tissue types. For
GFP, images of live tissue were aquired using confocal microscope and intensities were
measured using ImageJ software. Expression of molecular markers for dedifferentaion
was checked through RT-PCR cyc:GUS, reporter system for cell division was also used .
Results show that application of exogenous auxin alone is sufficient to induce cell
dedifferentiation and callus production in intact Arabidopsis seedlings. It was further
identified that hypocotyls and cotyledons require higher auxin concentrations for cell
dedifferentiation compared with roots in the intact seedlings (Figure 3.1). Finally, it was
verified that the differential response between root and cotyledon is due to the fact that
cotyledon cells are less sensitive to 2,4-D mediated cell dedifferentiation instead of low
auxin level in cotyledon. Although hypocotyls also require a higher concentration of
applied auxin to induce calli, GUS histochemical stain illustrates that auxin does not
accumulate in hypocotyls when treated with lower concentrations of 2,4-D. In addition, it
was found that application of NAA (Naphthalene Acetic Acid, another synthetic auxin)
alone was sufficient to induce cell dedifferentiation and callus production in Arabidopsis.
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It was observed that there was a linear or almost linear relationship between 2,4-D
applied (from 0.0 to 2 mg/l) and the GUS activity in young seedlings in Arabidopsis
(Figure 3.2A). The hypocotyl cells also undergo cell dedifferentiation when cellular level
of auxin accumulates to a level comparable to that of the root meristem cell of the control
seedling.
To define the pathway regulating cell dedifferentiation, the role of various
inhibitors of auxin related pathways on cell dedifferentiation was tested. It was found that
auxin efflux inhibitors significantly enhanced callus production in presence of exogenous
auxin. The seedlings that are unable to produce callus with lower concentrations of 2,4-D
are able to produce callus with addition of small amounts of NPA. The original auxin
distribution pattern had been disrupted and the overall GUS activity in the seedlings has
increased 4.4 fold compared with the untreated GUS seedlings (Figure 3.6A). These
results suggest that the auxin efflux system play two distinct roles. One is for establishing
the local auxin maxima in the apical meristem and lateral organ primordia as reported
(Friml, 2003a) and the second is in preventing auxin accumulation in tissues outside the
meristem niche. Similar results were noticed with other efflux inhibitors like HFCA and
TIBA. In addition, NPA also significantly enhanced NAA induced callus production
from intact Arabidopsis seedling suggesting that the effect of auxin efflux inhibitors on
dedifferentiation and callus formation was independent of the auxin type. Auxin polar
transport mutants like pin1 and triple mutants like pin1, pin4 and pin7 supported the
previous results by producing more callus compared to wild type seedlings, in the
presence of exogenous 2,4-D. This result further substantiated that the auxin efflux
system is not required for 2,4-D uptake in roots and its long distance transportation from
123

root to cotyledon as because much more auxin accumulated in cotyledons in the presence
of the auxin efflux inhibitors.
The callus producing root cells have a cellular GUS density about 1.14 times of
the control root meristem cell, when measured with PDQUEST software. In presence of
10µM NPA, the cellular GUS stain density of the callus producing root cells is 1.25 times
of control root meristem cell. The requirement for hypocotyls to produce calli is 0.05
mg/l 2,4-D plus 10 µM NPA, the corresponding cellular GUS stain density of hypocotyl
cells is 1.08 times of the control root meristem cell. Similarly GFP intensity of the callus
producing root cell is 1.33 times of control root meristematic cell. These quantification
results strongly suggest that for cell dedifferentiation the cellular auxin level should reach
or exceed the level of that in control meristem cell. The auxin level in meristematic cell
represents the auxin threshold for cell dedifferentiation.
To search for molecular markers associated with cell dedifferentiation, the
expression of several genes was examined. Interestingly, the study recorded that root
meristem specific genes PLT1, PLT2 and shoot meristem specific gene WUS were always
co-expressed in calli in all tested conditions, including those induced by auxin alone,
auxin plus cytokinin, and auxin plus auxin efflux inhibitor NPA. In plant organs, coexpression of WUS, PLT1 and PLT2 can only be detected in embryos. The study ruled
out the possibility that the co-expression of these three genes is due to the production of
somatic embryos because embryo specific gene ABI3 and FUS3 are not co-expressed
with PLT1, PLT2 and WUS in calli. Previous result suggests that transient ectopic
expression of WUS is related to regaining totipotency. Interestingly the expression of
cyclin in calli producing cells was noticed, which is seen only in meristematic regions
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where continuous cell division occurs. Observations have shown that if cellular auxin
level is higher than the root meristem cell, the root and hypocotyl cell will undergo cell
dedifferentiation to produce calli in intact seedlings. At molecular, cellular auxin level
above the threshold of dedifferentiation correlates with the induction of the co-expression
of the WUS, PLT1, PLT2 genes and cyclin, a unique feature of dedifferentiated cells in
Arabidopsis.
The calli generated can be maintained in a relatively undifferentiated status for a
certain period of time via subculture. On the other hand, if the calli is transferred to a
medium with low auxin, the cultured cell will undergo differentiation. Current
observations and current literature lead to an interesting hypothetic model: the polar
auxin efflux complex maintains the cells outside the meristem zone in differentiated
status by preventing cellular auxin accumulation. Meanwhile, the polar auxin efflux
complex elevates auxin level in apical meristem and lateral organ primodium via
polarized auxin transportation and maintains the meristem cells in an undifferentiated
status. The elevated auxin can convert the differentiated cells to meristem cell via
dedifferentiation. When exogenously applied auxin and other treatments result in cellular
auxin accumulation to a level that is at least equivalent to that of the control meristem
cell, cell dedifferentiation proceeds and callus production occurs (Figure 6.1). The
specific auxin threshold plays a critical role in controlling the cell fate switch between
cell differentiation and cell dedifferentiation in plants.
Organ regeneration from callus is a process involving extensive cell
differentiation. To understand how auxin controls both cell dedifferentiation and cell
differentiation, the role of auxin in cell differentiation was investigated using an in vitro
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organ regeneration system in which the cytokinin concentration was maintained as a
constant from callus induction to organ regeneration. Results indicated that reducing
auxin level was sufficient to promote organ regeneration and the corresponding cell
differentiation regardless of the cytokinin concentrations in the medium in Arabidopsis.
However, cytokinin content modulated the cell fate during cell differentiation. When
cytokinin was lower, the differentiation was directed to root regeneration, when cytokinin
was high, the differentiation was directed to shoot regeneration. Although it has been
widely accepted that the ratio of auxin to cytokinin plays a critical role in determining
organ identity during organ regeneration, no cellular components that control organ
identity in response to the ratio of auxin to cytokinin during organogenesis have been
identified.
To identify the cellular component that regulate organ identity during in vitro
organogenesis, different hormone combinations were tested in callus induction, and calli
were transferred to a common regeneration medium for further observation of
development. A Gamberg’s B5 organic medium supplemented with 0.5 mg l-1 (2.8 ,˙
IAA and 0.5 mg l-1 (2.2 ,˙-BA was used as the common organ regeneration medium
(ORM), the identities of regenerated organs were solely determined by the hormone used
in the callus induction. Calli induced in a medium with higher auxin regenerated only
roots, with high cytokinin only shoots and calli continued to proliferate when equal
amounts of auxin and cytokinin were used to induce calli, and after being transferred to
the ORM medium. Interestingly in screening of 50,000 seeds, three plants were identified
that required higher auxin to produce callus than others in callus induction medium. And
the calli from these plants produce roots instead of shoots in ORM. These results
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suggested that the mutant calli displayed strong root regeneration capability in media
designed for shoot regeneration and callus proliferation.
The three mutants were identified as allelic to each other and are recessive, and it
was suggested that the mutation was due to gene disruption. To further characterize these
mutants seedlings were grown in different concentrations of auxin and cytokinin
separately. The root lengths were significantly longer than the wild type, and it appeared
to be insensitive to auxin and cytokinin as no significant difference between control and
treated mutants. Mutated genes were cloned via plasmid rescue, and sequenced. Blast
search indicated that the mutated sites were located within the previously identified
AUX1 gene. AUX1 is a putative auxin influx facilitator localized on the plasma
membrane with similarities to plant amino acid permeases. The function of AUX1 in
auxin uptake, auxin binding, lateral root development, and gravitropism has been
extensively studied, but the role of AUX1 in the regulation of organ regeneration in vitro
and in the control of organ identity in response to auxin/cytokinin ratio has not been
addressed.
Using DR5:GFP, DR5:GUS and IAA2:GUS reporters it was found that cytokinin
substantially stimulates auxin elevation in calli and specific tissues in Arabidopsis
seedlings, including the root elongation zone, the junction of hypocotyl and cotyledons,
and probably the meristem region in wild type seedlings. Auxin level appeared to
decrease in cotyledon blade, middle region of the hypocotyl, and the root meristem. It
also changed the distribution patterns of auxin. The fact that an increase of cytokinin
concentration in medium causes elevation of cellular auxin level in calli suggests that
regeneration of shoot, which requires high cytokinin, is associated with a high auxin level
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instead of a low auxin level. This observation fits well with the fact that auxin is highly
elevated in shoot meristem tissues. However, it is clear that the auxin elevation caused by
cytokinin is different from that resulting from direct administration of exogenous auxin in
both auxin distribution pattern and auxin level as revealed by reporters driven by auxin
responsive promoters. In addition, the callus texture and growth rate are also different
between calli grown in media with and without cytokinin. It was demonstrated that
mutation in AUX1 gene reduced auxin accumulation stimulated by cytokinin in the root
elongation zone, calli and also in the shoot meristem region of young seedlings
(Figures 4.5, 4.6, and 4.7). In addition, the results showed that AUX1:AUX1-116-YFP
was highly expressed in calli and the YFP expression pattern was similar to the DR5:GFP
distribution pattern in calli. It was also shown that auxin inducible genes IAA3, IAA14,
IAA17, and IAA6 are significantly induced by the application of exogenous cytokinin and
the gene expression level is reduced in the aux1 mutants compared with the expression in
wild type except the IAA3 gene. These results suggest a multifaceted interaction of these
two hormones at a molecular level and AUX1 is critical to the multifaceted interaction.
Since cytokinin stimulates auxin accumulation in calli and the accumulation is
substantially reduced in aux1 mutants, it clearly suggests that AUX1 plays a role in
mediating cytokinin regulated auxin accumulation and redistribution in calli either
directly or indirectly (Figure 6.1). AUX1 might be one of the components that controls
shoot regeneration via regulating cytokinin induced auxin accumulation and
redistribution, which relates to auxin flow and patterning.
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Figure 6.1 Summary flowchart showing the molecular and biochemical role of auxin
and cytokinin in dedifferentiation and organogenesis of Arabidopsis thaliana.

To further evaluate the role of cytokinin regulation by auxin, cytokinin inducible
promoters like ARR5 and ARR6 linked with GUS reporter were used. In this study, the
induction of ARR5 and ARR6 expression by cytokinin is subjected to the regulation of
auxin. Although the expression of ARR5 and ARR6 has substantial overlapping in
wildtype seedlings, their expression follows a mutual exclusive pattern in response to the
induction of exogenous auxin in Arabidopsis seedlings and calli. Results suggest that
auxin interacts with the cytokinin via a gene and tissue specific induction of the negative
regulators in the cytokinin signaling pathway.
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Exploiting the dedifferentiation process to obtain new stem cell lineages holds a
great promise for regenerative medicine, particularly in view of the debate over the use of
human embryonic stem cells in research and the ethical concerns it raises. The use of
nonanimal experimental systems (such as plant protoplasts) or in vitro systems (such as
nuclear transplantation into Xenopus egg extract) could greatly enhance stem cell
research. Insights gained through these systems might one day lead to the development of
methodologies that could aid in reprogramming human cells for clinical applications.
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